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Abstract
Intrinsically photosensitive retinal ganglion cells (ipRGCs) innervate the hypothalamic suprachiasmatic nucleus
(SCN), a circadian oscillator that functions as a biological clock. ipRGCs use vesicular glutamate transporter 2
(vGlut2) to package glutamate into synaptic vesicles and light-evoked resetting of the SCN circadian clock is
widely attributed to ipRGC glutamatergic neurotransmission. Pituitary adenylate cyclase-activating polypeptide
(PACAP) is also packaged into vesicles in ipRGCs and PACAP may be coreleased with glutamate in the SCN.
vGlut2 has been conditionally deleted in ipRGCs in mice [conditional knock-outs (cKOs)] and their aberrant
photoentrainment and residual attenuated light responses have been ascribed to ipRGC PACAP release.
However, there is no direct evidence that all ipRGC glutamatergic neurotransmission is eliminated in vGlut2 cKOs.
Here, we examined two lines of ipRGC vGlut2 cKO mice for SCN-mediated behavioral responses under several
lighting conditions and for ipRGC glutamatergic neurotransmission in the SCN. Circadian behavioral responses
varied from a very limited response to light to near normal photoentrainment. After collecting behavioral data,
hypothalamic slices were prepared and evoked EPSCs (eEPSCs) were recorded from SCN neurons by stimulating
the optic chiasm. In cKOs, glutamatergic eEPSCs were recorded and all eEPSC parameters examined (stimulus
threshold, amplitude, rise time or time-to-peak and stimulus strength to evoke a maximal response) were similar
to controls. We conclude that a variable number but functionally significant percentage of ipRGCs in two vGlut2
cKO mouse lines continue to release glutamate. Thus, the residual SCN-mediated light responses in these cKO
mouse lines cannot be attributed solely to ipRGC PACAP release.

Significance Statement

This study examined glutamatergic signaling by intrinsically photosensitive retinal ganglion cells (ipRGCs) of
mice in which vesicular glutamate transporter 2 (vGlut2) was knocked out using Cre recombination. The
results indicate that significant glutamatergic neurotransmission remains in ipRGCs of Opn4Cre/�;vGlut2loxP/

loxP mice and that the ipRGC vGlut2 conditional knock-out (cKO) model resulted in only subtle changes in
the rate of vesicular glutamate replenishment even at high stimulation frequencies. These findings are
consistent with the behavioral data observed in this and previous studies. Unfortunately, the residual ipRGC
glutamatergic transmission in the Opn4Cre/�;vGlut2loxP/loxP mouse model limits the usefulness of this model
to examine the role of retinal peptidergic afferents to the suprachiasmatic nucleus (SCN) and also suggest
caution when using Opn4Cre/� mice in other Cre recombination models.
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Introduction
Retinal ganglion cells (RGCs), the projection neurons of

the retina, transmit signals to a diverse group of subcortical
target structures in the brain that contribute to image-
forming and nonimaging functions (Morin and Studholme,
2014; Dhande et al., 2015). Targets of RGCs that mediate
nonimage forming functions such as the hypothalamic su-
prachiasmatic nucleus (SCN), a circadian oscillator that
functions as a biological clock, are innervated by a small
subset of RGCs that express the photopigment melanopsin
(Opn4). Melanopsin expression provides these retinal neu-
rons the ability to depolarize and generate action potentials
in direct response to photic stimulation (Berson et al., 2002;
Hartwick et al., 2007). Two of the five currently recognized
subtypes of melanopsin-expressing intrinsically photosensi-
tive RGCs (ipRGCs; M1 and M2) send signals to the SCN via
the retinohypothalamic tract (RHT; Berson et al., 2002; Hat-
tar et al., 2002; Baver et al., 2008; Ecker et al., 2010; Estevez
et al., 2012; Fernandez et al., 2016). These signals reset the
SCN clock on a daily basis thereby entraining the circadian
(i.e., �24 h) oscillation of clock gene expression and neural
activity in the SCN to the 24-h day/night cycle (Sollars and
Pickard, 2015).

A vast majority, if not all, RGCs convey signals to the
brain using glutamatergic neurotransmission. This re-
quires the packaging of glutamate into synaptic vesicles
by one of the three isoforms of the vesicular glutamate
transporter (vGlut; vGlut1–vGlut3) and ipRGCs use vGlut2
(Fyk-Kolodziej et al., 2004; Johnson et al., 2007; Kiss
et al., 2008; Stella et al., 2008). In addition to glutamate,
ipRGCs also sequester pituitary adenylate cyclase-
activating polypeptide (PACAP) into synaptic vesicles,
and PACAP may be coreleased with glutamate from RHT
terminals in the SCN (Hannibal, 2006; Engelund et al.,
2010). PACAP signaling may play a role in mediating
some of the effects of light on the SCN and/or PACAP
may modulate the effects of RHT glutamatergic neu-
rotransmission, but the exact role of ipRGC PACAP neu-
rotransmission in the SCN remains largely unknown.

To gain a better understanding of the potential role of
PACAP in conveying ipRGC signals to the brain, a trans-
genic mouse strain was generated in which ipRGC gluta-
matergic neurotransmission was selectively impaired by
eliminating the vGlut2 transporter in ipRGCs [ipRGC
vGlut2 conditional knock-outs (cKOs); Delwig et al., 2013;
Purrier et al., 2014; Gompf et al., 2015]. Behaviors depen-
dent on ipRGC signaling (e.g., photoentrainment, pupillary
light reflex, and neonatal photoaversion) were dramati-
cally affected in the cKO mice, although not all ipRGC-
mediated responses to light were completely eliminated.
The residual ipRGC-mediated responses to light in the
cKO animals have been attributed to the remaining ipRGC
neurotransmitter, PACAP (Delwig et al., 2013; Purrier
et al., 2014; Gompf et al., 2015; Keenan et al., 2016).
However, the strength of this interpretation and ultimately
the utility of the ipRGC vGlut2 cKO mouse strain are
dependent on the extent to which glutamatergic neu-
rotransmission has been eliminated in ipRGCs. Unfortu-
nately, direct evidence showing that ipRGC glutamatergic
neurotransmission is completely abolished in the ipRGC
vGlut2 cKO mouse strain is lacking.

In the current study, we generated an ipRGC vGlut2
cKO mouse line similar to the mice described above. The
Opn4-Cre mouse strain used in the studies described
above in which Cre-recombinase is expressed in ipRGCs
under control of the Opn4 promoter (Ecker et al., 2010)
was crossed with a mouse strain in which the second
exon of vGlut2 is flanked by loxP sites. In addition, we
generated a second independent ipRGC vGlut2 cKO
mouse line using a similar strategy of crossing a different
mouse strain in which Cre-recombinase is expressed in
ipRGCs under control of the Opn4 promoter (Hatori et al.,
2008) with the same mouse strain in which the second
exon of vGlut2 is flanked by loxP sites. Both vGlut2 cKO
mouse lines were used to evaluate SCN-mediated behav-
ioral responses to light. After behavioral data had been
collected, a subset of animals was examined for RHT-
mediated glutamatergic neurotransmission by recording
EPSCs of SCN neurons evoked by optic chiasm stimula-
tion in an in vitro slice preparation. The results from both
ipRGC vGlut2 cKO mouse lines that we generated were
similar and very clearly indicate that SCN-mediated re-
sponses to light are retained in almost all of these animals
and that a functionally significant percentage of ipRGCs
continue to release glutamate in the SCN. The results
emphasize the need for physiologic verification of genetic
mouse models and strongly undermine the interpretation
that residual ipRGC-mediated behavior in ipRGC vGlut2
cKO mice is the result of light-evoked PACAP release
from ipRGC terminals in the SCN.

Materials and Methods
Animals

Two mouse lines in which Cre-recombinase was
knocked in to the Opn4 locus were used in this study. One
mouse line described previously (Hatori et al., 2008) was
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generously provided by Satchidananda Panda (Salk Insti-
tute) and the other mouse line (Ecker et al., 2010) was
generously provided by Samer Hattar (Johns Hopkins
University). Mice from each line (referred to as Salk-Cre
and Hopkins-Cre animals) homozygous for Cre (Opn4Cre/

Cre) were crossed with mice homozygous for floxed-
slc17a6 which encodes vGlut2 (these mice possess loxP
sites flanking exon 2 of the vGlut2 gene; Slc17a6tm1Lowl/J,
stock #012898, vGlut2loxP/loxP, The Jackson Laboratory).
The F1 generation (Opn4Cre/�; vGlut2loxP/�) was back-
crossed with vGlut2loxP/loxP mice to generate cKOs
(Opn4Cre/�; vGlut2loxP/loxP) and these mice were bred to
generate animals lacking both melanopsin and vGlut2
[double KO (dKO); Opn4Cre/Cre; vGlut2loxP/loxP] and litter-
mate controls (Opn4�/�; vGlut2loxP/loxP). It should be
noted that in this breeding scheme: (1) the cKO animals
retain a single copy of Opn4 and thus ipRGCs remain
intrinsically photosensitive; and (2) the dKO mice should
have no intrinsic photosensitivity remaining in ipRGCs as
both copies of Opn4 should be replaced by Cre-
recombinase. Animals were maintained under a light:dark
(L:D) cycle consisting of 12-h 100-lux light followed by 12
h of complete darkness at 20–22°C with free access to
food and water. All procedures were approved by the
Institutional Animal Care and Use Committees and all
efforts were made to minimize pain and the number of
animals used.

Behavioral studies
Mice were weaned at 21 d of age, separated by gender

and maintained four animals per cage under 12/12 h L:D
conditions until they were at least 8 weeks old. Mice of
either gender were subsequently housed individually in
cages equipped with running wheels under various light-
ing conditions and wheel-running behavior was recorded
using ClockLab software (Actimetrics). Animal mainte-
nance was performed with the aid of infrared night vision
goggles (ITT-NE5001 generation 3, GT Distributors) when
necessary. Three independent behavioral experiments
using a total of 49 animals (16 littermate controls, 28
cKOs, and five dKOs) were conducted and electrophysi-
ology was performed on 23 of the 49 mice. The free-
running period was estimated using the last 10 d of
activity under constant conditions.

Experiment 1
We report on behavioral data collected from 17 mice

derived from the Salk-Cre mouse line (six littermate con-
trols with one male and five females; eight cKOs with six
males and two females; and three dKOs with one male
and two female mice). Animals were maintained under LD
12:12 (100 lux:0 lux) for 106 d followed by 22 d in constant
darkness (DD) followed by 61 d in constant light (LL; 100
lux). A cKO female animal died a few days before the
termination of the study. None of these animals were used
in electrophysiology experiments.

Experiment 2
This experiment used 12 mice derived from the

Hopkins-Cre mouse line (six male littermate controls and
six male cKOs). Animals were maintained under LD 12:12
(100 lux:0 lux) for 84 d followed by 114 d in DD followed

by 73 d in LD 12:12 (1000 lux:0 lux). At the completion of
behavioral data collection, physiologic recordings of SCN
neurons in an in vitro slice preparation were made from six
animals (five littermate controls and one cKOs).

Experiment 3
This experiment used 20 mice; 10 derived from the

Salk-Cre mouse line and 10 derived from the Hopkins-Cre
mouse line. Of the Salk-Cre animals, three were littermate
controls (one male and two females), five were cKOs
(three males and two females), and two were dKOs (one
male and one female). Of the Hopkins-Cre animals, there
was one male littermate control and nine were cKOs (four
males and five females). Animals were maintained under
LD 12:12 throughout this experiment. Five animals were
housed under 1000 lux:0 lux for 35 d followed by 100 lux:0
lux for 22 d. The other 15 animals were housed under 100
lux:0 lux for 37 d followed by 1000 lux:0 lux for 40 d. At the
completion of behavioral data collection, physiologic re-
cordings of SCN neurons in an in vitro slice preparation
were made from 17 of these animals (five controls, 10
cKOs, and two dKOs). In addition, recordings were made
from adult wild-type (WT) mice (n � 16; C57BL/6J, male,
The Jackson Laboratory).

Animal housing and brain slice preparation
Before in vitro brain slice recording, all male and female

mice (six months old and older) were maintained at 20–
21°C on a 12/12 h L:D cycle (light onset 6 A.M., zeitgeber
time 00:00) in an environmental chamber (Percival Scien-
tific), with free access to food and water for a minimum of
six weeks. The mice were deeply anesthetized with iso-
flurane (Hospira, Inc) during the light phase, and brains
were removed and submerged in ice-cold Krebs slicing
solution consisting of: 82.7 mM NaCl, 2.4 mM KCl, 0.5
mM CaCl2, 6.8 mM MgCl2, 1.4 mM NaH2PO4, 23.8 mM
NaHCO3, 23.7 mM dextrose, and 60 mM sucrose, satu-
rated with 95% O2 and 5% CO2; pH 7.3–7.4, 308–310
mOsm. Coronal (200–250 �m) hypothalamic brain slices
containing the SCN were cut with a vibrating-blade mi-
crotome (Leica VT 1000 S, Leica Biosystems GmbH).
Slices were incubated in the slicing solution 1–1.5 h at
30°C before electrophysiological recordings were initi-
ated.

Whole-cell patch clamp recording
Recordings were made at 28°C using the whole-cell

patch-clamp technique from 1.5 to 8 h after slice prepa-
ration. The superfusion solution was warmed with a
heater (Model SH-27B Inline Heater, Warner Instruments
Corp.) just before the solution entered the recording
chamber. The bath temperature in the recording chamber
was monitored continuously with a thermistor probe,
which provided feedback to a dual automatic temperature
controller (TC-344B, Warner Instruments Corp.). The re-
cording solution was: 132.5 mM NaCl, 2.5 mM KCl, 1.2
mM NaH2PO4, 2.4 mM CaCl2, 1.2 mM MgCl2, 11 mM
glucose, and 22 mM NaHCO3, saturated with 95% O2 and
5% CO2; pH 7.3–7.4, 300–305 mOsm. Microelectrodes
with resistances of 7–9 M� were pulled from borosilicate
glass capillaries (World Precision Instruments, Inc.) and
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filled with a solution containing: 115 mM CH3O3SCs, 8
mM CsCl, 0.5 mM CaCl2, 10 mM HEPES, 5 mM EGTA, 13
mM CsOH, 3 mM MgATP, 0.3 mM TrisGTP, and 5 mM
N-(2,6-dimethylphenylcarbamoylmethyl)triethylammonium
chloride (QX-314); pH 7.25, 278 mOsm. Lidocaine N-ethyl
chloride (QX-314) was included in the patch pipette solution
to block voltage-dependent Na� currents. Cs� was used to
block postsynaptic K� channels including GABAB-activated
K� channels (Jiang et al., 1995). With applied internal
solution the equilibrium potential for chloride was -60 mV,
which substantially decreased or virtually eliminated GABAA

receptor-mediated currents. Additionally, the external solu-
tion contained picrotoxin (50 �M) and (2S)-3-[[(1S)-1-(3,4-
dichlorophenyl]amino-2-hydroxypropyl](phenylmethyl)phos-
phinic acid (CGP55845; 3 �M) to prevent activation of
GABAA and GABAB receptors. To confirm glutamatergic
RHT neurotransmission, the AMPA receptor antagonist
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 20 �M) was
applied at the end of each recording. Individual SCN neu-
rons were visualized with infrared illumination and differential
interference contrast optics using a Leica DMLFS (Leica
Biosystems GmbH) microscope with video camera and dis-
play (Sony). On-line data collection and analysis were per-
formed using an EPC-7 patch-clamp amplifier (HEKA
Electronik), a Mac mini-computer and Patchmaster software
(HEKA Electronik). The records were filtered at 3 kHz and
digitized at 10 kHz.

To allow equilibration between the pipette solution and
the cell cytoplasm, whole-cell voltage-clamp recording
started �10 min after rupturing the membrane. A small
hyperpolarizing voltage step (-2 mV, 5 ms) was applied
before optic chiasm stimulation to monitor the series
resistance, which was not compensated. SCN neurons
were voltage-clamped at -60 mV. During the recording the
series resistance remained stable and the recordings with
series resistance changes of �10% were included in the
data analysis. Slow and fast capacitances were not com-
pensated.

Optic chiasm stimulation
EPSCs were evoked by electrical stimulation of the

optic chiasm with a Grass S88 stimulator (Grass Medical
Instruments) using a concentric bipolar tungsten elec-
trode (outer pole diameter 0.125 �m; catalog #CBASC75,
FHC) connected to a stimulus isolation unit (model SIU5B,
Grass Medical Instruments). The stimulating electrode
was positioned in the middle of the optic chiasm as far
from the SCN as possible. The stimulus pulse duration
was 0.13–0.17 ms, and stimulation intensity was set 1.5–
2.0 times higher than that needed to evoke a threshold
response. To evoke EPSCs a single stimulus or stimulus
trains were applied. To determine the threshold stimulus
needed to evoke the EPSC, and to study the dependence
of the evoked EPSC (eEPSC) amplitude on the strength of
applied stimulus, the voltages that were used to stimulate
the optic chiasm were applied in the range of 3–30 V.
EPSCs were also evoked by trains of 25 stimuli (square
pulses) separated by 30-s intervals at frequencies 0.08,
0.5, 1, 2, 5, 10, and 25 Hz. Three stimulus trains were
applied for each frequency/recorded neuron. The inclu-

sion of ion channel blockers in the internal solution as well
as voltage-clamping at -60 mV prevented the activation of
voltage-dependent ionic currents in SCN neurons.

Test agent application
All test agents were bath applied in artificial CSF (ACSF)

containing the final concentration of the compounds. A
complete change of the external solution took �30 s at a
flow rate of 1.5–2 ml/min. Picrotoxin, CNQX, and QX-314
were purchased from Sigma, and CGP55845 was ob-
tained from Tocris Cookson Inc. Appropriate stocks were
made and diluted with ACSF just before application. To
make stocks, CNQX and CGP55845 were dissolved in
dimethyl sulfoxide (DMSO; the final concentration of
DMSO in ASCF was 0.01%), and picrotoxin was dissolved
in ethanol (the final concentration of ethanol in ASCF was
0.1%).

Statistical analysis
Stimulation of the optic chiasm at 0.08 Hz does not

induce synaptic depression at RHT-SCN synapses, and
the eEPSC amplitude is stable for long durations (Molda-
van and Allen, 2010; Moldavan et al., 2010, 2013). The
stimulus amplitude to activate an eEPSC, the maximal
eEPSC amplitude, the series resistance and the following
parameters of eEPSCs were analyzed: amplitude, time to
the peak (a delay between the stimulus artifact and the
peak of eEPSC), rise time (10–90% of amplitude), and
decay time constant. There were 25 eEPSCs recorded
from each neuron, and some slices had more than one
neuron recorded and there were three mouse genotypes.
Because of this data clustering and nesting, we analyzed
the eEPSC data using generalized estimating equation
(GEE; � or Gaussian distribution, with exchangeable cor-
relation structure and robust sandwich estimates of SE)
using the statistical program R (version 1.6.1 with nonlin-
ear and linear mixed effects models package version
3.1–3.6; obtained from http://cran.r-project.org; R Core
Team, 2017). A Kruskal–Wallis rank sum test was used to
test the deviation of the eEPSC amplitudes. During appli-
cation of long stimulus trains (0.5–25 Hz, 25 stimuli in
each train), synaptic depression caused the eEPSC am-
plitude to decrease to a steady state (plateau). eEPSC
amplitude was measured as the difference between the
peak eEPSC current and the baseline level before the
stimulus artifact. To compare synaptic depression under
different conditions and between recorded neurons the
amplitude of each subsequent eEPSC (eEPSCn) during
repetitive stimulation was normalized (in %) to the ampli-
tude of the first eEPSC (eEPSC1) in the stimulus train: ratio
eEPSCn/eEPSC1. To take into account the variability of
the eEPSC amplitude the mean amplitude of the first
eEPSC was calculated from three stimulus trains at each
stimulus frequency for each neuron. The normalized am-
plitudes were averaged across all recorded neurons (n),
presented as the mean � SEM and plotted against stim-
ulus number in the train. Extra sum of squares F test was
used to compare the datasets recorded under different
conditions. Two-sample assuming unequal variances
two-tailed t tests were used to compare the control and
test data for each dataset (for each stimulus frequency). A
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confidence level of 95% was used to determine statistical
significance.

Igor Pro 5.03 (Wave Metrics, Inc.), KaleidaGraph TM 3.6
(Synergy Software), Excel 11.6.6 (or 14.4.5; Microsoft Co),
FreeHand MX (Macromedia, Inc), and R (http://cran.r-
project.org) were used for curve fitting, data analysis, and
graphic presentation. The spontaneous EPSCs were an-
alyzed using MiniAnalysis (Synaptosoft, Inc.).

Results
Experiment 1. Wheel-running behavior of Salk-Cre
vGlut2 KO mice

Wheel running behavior of 17 mice derived from the
Salk-Cre mouse line (six littermate controls, eight cKOs,
and three dKOs) was examined under LD 12:12 (100 lux:0
lux; 106 d) followed by DD (0 lux; 22 d) followed by LL (100
lux; 61 d) conditions. No gender differences were noted in
the behavior of the animals.

Littermate controls (Opn4�/�; vGlut2loxP/loxP)
The six littermate control mice entrained to the LD cycle

with activity onsets at or near light offset as expected
(representative examples are provided in Fig. 1A,B). Un-
der DD conditions, only five of the six animals had activity
levels or activity onsets robust enough for analysis. The
free-running period (�) in DD (�DD) ranged from 23.3 to
24.1 h (23.70 � 0.14 h, n � 5, mean � SEM). Under LL
100 lux (LL100) conditions, � lengthened in all animals as
expected; �LL was greater than �DD for each animal and
ranged from 24.7 to 25.8 h. The mean �LL was significantly
greater than mean �DD for the controls (25.28 � 0.17 h vs
23.70 � 0.14 h, n � 5; p � 0.001; Fig. 1A,B). In summary,
SCN-mediated behavior was typical of mice with func-
tioning ipRGCs and of mice with a mixed genetic back-
ground.

cKOs (Opn4Cre/�; vGlut2loxP/loxP)
Entrainment under the LD 12:12 conditions was abnor-

mal in seven of the eight cKO animals. Two cKO animals
appeared to free-run under LD conditions (Fig. 1C,D). Two
other cKO animals initially appeared to be free-running
under the LD 12:12 conditions but were apparently very
gradually entraining to the LD cycle (Fig. 1E,F). These
animals required one to two months before wheel-running
onsets were somewhat “aligned” to light offset. Activity
onsets remained near light offset from that time forward
but entrainment was unstable with activity onsets of one
mouse gradually advancing to a phase angle of entrain-
ment of between 1 and 2 h before light offset. The activity
onsets of the other mouse slowly drifted away from light
offset such that when the LD cycle was terminated and
animals entered DD conditions, activity onsets were initi-
ated approximately 1 h after light offset (Fig. 1E,F). Three
of the cKOs demonstrated activity onsets that drifted over
time under LD conditions. One cKO animal had activity
onsets that gradually advanced as time went on resulting
in a positive 2-h phase angle of entrainment (Fig. 1G).
Another cKO had very unstable and erratic behavior with
a positive phase angle of entrainment (Fig. 1H). The other
cKO had stable activity onsets that were initiated �30 min
after light offset, but the activity onsets gradually drifted to

�2 h after light offset at the time animals went into DD
(Fig. 1I). The last cKO in this group had relatively stable
activity onsets initiated at light offset throughout the LD
cycle portion of the experiment (Fig. 1J).

The cKO animals that showed some level of entrain-
ment under LD conditions free-ran in DD with activity
onsets initially aligned with the onsets in the prior LD cycle
indicating there was no masking of activity onsets in the
prior LD cycle. Activity levels permitted an estimate of the
free-running period in DD for seven cKO animals and �DD

ranged from 23.3 to 24.2 h; the mean cKO �DD was not
significantly different from the �DD of the controls (cKO,
23.83 � 0.12 h, n � 7 vs controls 23.70 � 0.14 h, n � 5;
p � 0.50).

Six cKOs had sufficient wheel-running activity to esti-
mate the free-running period in LL. Of these six animals,
�LL was slightly greater than �DD in two cases, unchanged
in one case, and slightly decreased in three animals. Thus,
for the cKOs as a group, the mean �LL was similar to the
mean �DD (DD, 23.83 � 0.12 h vs LL, 23.90 � 0.11 h; p �
0.668) and almost 1.5 h less than the mean �LL of controls
(23.90 � 0.11 vs 25.28 � 0.17; p � 0.0001).

In summary, this small cohort of cKO animals demon-
strated a wide range of ipRGC-mediated responses to
light. The circadian behavioral responses to light ranged
from animals with virtually no response to light (i.e., free
running behavior throughout all lighting conditions) to
entrainment with abnormal phase angles to an animal with
virtually normal entrainment.

dKOs (Opn4Cre/Cre; vGlut2loxP/loxP)
Two of the three dKO animals appeared to free-run with

a period of �24 h under all lighting conditions with a slight
lengthening of � (�0.1–0.2 h) under LL conditions (Fig.
1K,L). The third dKO mouse also appeared to free-run
under all conditions although activity onsets were more
erratic and there appeared to be a gradual lengthening of
� over the course of the experiment (data not shown). The
behavior of these animals lacking melanopsin and vGlut2
in ipRGCs suggested that there was very little behavioral
response to light.

Experiment 2. Wheel-running behavior of Hopkins-
Cre vGlut2 cKO mice

Wheel running behavior of 12 animals (six littermate
controls and six cKO) derived from the Hopkins-Cre
mouse line was examined under LD 12:12 (100 lux:0 lux;
84 d) followed by DD (114 d) followed by LD (1000 lux:0
lux; 74 d) conditions.

Littermate controls (Opn4�/�; vGlut2loxP/loxP)
Of the littermate control animals, five entrained to the

LD cycle with activity onsets at or near light offset as
expected although there was a variable level of activity
present during the light phase in most of the animals (Fig.
2A–D). One littermate control animal had diffuse and er-
ratic wheel-running behavior and is not considered fur-
ther. Under the prolonged DD conditions, four of the five
remaining littermate control animals had activity that free-
ran; one mouse stopped running in the wheel after a few
weeks in DD and is not considered further. The free-
running activity was stable for two of the animals during
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Figure 1. Wheel-running behavior of Salk-Cre mice. Wheel-running activity records (double-plotted) of control (Opn4�/�; Vglut2loxP/

loxP; A, B), cKO (Opn4Cre/�; Vglut2loxP/loxP; C–J), and dKO (Opn4Cre/Cre; Vglut2loxP/loxP; K, L) mice generated from the Salk-Cre line
maintained under L12:D12 (100 lux:0 lux) for 106 d followed by DD for 22 d and LL (100 lux) for 61 d.
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DD with periods of 24.2 and 23.9 h (Fig. 2A,B), whereas
the free-run became less stable over time for one mouse
(�DD � 23.7 h; Fig. 2C) while another animal began free-
running in DD with a short period (�DD � 23.5 h; Fig. 2D),
which changed over time to be become 	24 h by the
termination of DD conditions. These four littermate control
animals rapidly reentrained to the brighter LD cycle (1000
lux:0 lux) with phase angles of entrainment similar to
those under the original (100 lux:0 lux) LD cycle. The
animals generally demonstrated less activity during the
1000-lux light phase compared to their activity levels
during the dimmer 100-lux light phase.

cKOs (Opn4Cre/�; vGlut2loxP/loxP)
The six cKO animals demonstrated a range of aberrant

behavior under the initial 12:12 100 lux:0 lux LD cycle (Fig.
3A–F). One mouse had an extremely large positive phase
angle of entrainment (�12 h) with wheel running initiated
around light onset. During the 84 d under LD, 100 lux:0 lux
onsets gradually advanced further with wheel-running on-
sets beginning during the end of the dark phase although
onsets were quite variable (Fig. 3A). Three mice also dem-
onstrated a positive phase angle of entrainment of several
hours (i.e., wheel-running was initiated during the light phase
of the LD cycle), but due to the variability in the onsets, a
precise phase angle was not estimated (Fig. 3B–D). The
remaining two mice never entrained to the initial LD 100 lux:0

lux, although it was clear that the LD cycle was impacting
their behavior as evidenced when transferred to DD (Fig.
3E,F). All mice free-ran under DD conditions (Fig. 3A–F).
When a bright 12L:12D cycle was reinitiated (1000 lux:0 lux)
following 114 d in DD, all animals responded by shifting their
wheel-running onsets toward light offset. Four animals en-
trained to the bright LD cycle with a less positive phase
angle compared to their entrainment under the dimmer LD
cycle and in three cases onsets were initiated in the dark
(Fig. 3A–D). The two animals that did not entrain to the initial
LD cycle looked as if they might entrain to the bright LD
cycle when the experiment was terminated following 74 d in
LD 1000 lux:0 lux (Fig. 3E,F).

In summary, all six cKOs showed residual SCN-mediated
responses to light and entrainment was generally improved
under the brighter lighting conditions, suggesting that en-
during circadian responses to light were facilitated by the
increase in environmental luminance.

Experiment 3. Wheel-running behavior of Salk-Cre
and Hopkins-Cre vGlut2 KO mice

Wheel running behavior of 20 animals (10 derived from
the Hopkins-Cre mouse line and 10 derived from the
Salk-Cre line) was examined. Five animals (four Salk-Cre
and one Hopkins-Cre) were housed under 1000 lux:0 lux for
35 d followed by 100 lux:0 lux for 22 d. The other 15 animals

Figure 2. Wheel-running behavior of Hopkins-Cre mice. Wheel-running activity records (double-plotted) of representative Control
mice (Opn4�/�; Vglut2loxP/loxP; A–D) generated from the Hopkin-Cre line maintained under L12:D12 (100 lux:0 lux) for 84 d followed
by DD for 114 d and then L12:D12 (1000 lux:0 lux) for 73 d.
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(six Salk-Cre and nine Hopkins-Cre) were maintained under
100 lux:0 lux for 37 d followed by 1000 lux:0 lux for 40 d.

Littermate controls (Opn4�/�; vGlut2loxP/loxP)
Four littermate control animals were studied: three

Salk-Cre and one Hopkins-Cre. All of the animals en-
trained to the initial 100 lux:0 lux LD cycle with onsets
initiated at light offset as expected; changing the illumi-

nance level to 1000 lux during the light phase had very
little impact on their wheel-running activity. A representa-
tive control animal is illustrated in Figure 4A.

cKOs (Opn4Cre/�; vGlut2loxP/loxP)
Three cKO animals (two Salk-Cre and one Hopkins-Cre)

began the experiment in the 1000 lux:0 lux LD cycle.
These animals entrained with activity onsets at or very

Figure 3. Wheel-running behavior of Hopkins-Cre mice. Wheel-running activity records (double-plotted) of cKO mice (Opn4Cre/�;
Vglut2loxP/loxP; A–F) generated from the Hopkins-Cre line maintained under L12:D12 (100 lux:0 lux) for 84 d followed by DD for 114
d and then L12:D12 (1000 lux:0 lux) for 73 d.
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Figure 4. Wheel-running behavior of Salk-Cre and Hopkins-Cre mice. Wheel-running activity records (double-plotted) of Control
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near light offset similar to control animals and as observed
in the controls, changing illuminance levels for these three
animals from 1000 lux to 100 lux had little impact on their
pattern of entrainment to the LD cycle as shown by a
representative example in Figure 4B. The remaining 11
cKO animals (three Salk-Cre and eight Hopkins-Cre) be-
gan the experiment under 100 lux:0 lux LD conditions.
One of these animals demonstrated a normal pattern of
entrainment with activity onsets initiated near light offset
throughout both LD cycles (Fig. 4C). Wheel-running ac-
tivity was aberrant in the other 10 mice. Several animals
appeared to entrain to the LD cycle but with: (1) an altered
phase angle under both lighting conditions (Fig. 4D); (2)
clear entrainment only under the brighter LD cycle (Fig.
4E,F); and (3) a dramatic change in the phase angle of
entrainment when the illuminance was changed from 100
lux to 1000 lux (Fig. 4G). Two cKOs did not entrain,
although light did impact their wheel-running behavior,
which is best described as an oscillatory free-run (Fig.
4H). In summary, the behavior of the cKOs in this exper-
iment ranged from apparent normal entrainment to com-
pletely un-entrained and free-running but not completely
unresponsive to light (i.e., oscillatory free-run).

dKOs (Opn4Cre/Cre; vGlut2loxP/loxP)
Two dKO animals (Salk-Cre) were examined in this

experiment. First, in LD 1000 lux:0 lux and then in LD 100
lux:0 lux conditions. One mouse free-ran throughout the
study with light having little impact on the wheel-running
activity (Fig. 4I). The other dKO mouse appeared to free-
run initially under 1000 lux:0 lux conditions but then ac-
tivity onsets stabilized under 100 lux:0 lux conditions (Fig.
4J).

RHT-evoked EPSCs in SCN neurons
After behavioral testing was completed in experiments

2 and 3, 23 of the 32 animals were used to examine
RHT-SCN synaptic transmission. For these studies brain
slices were prepared for in vitro recording of glutamate-
mediated EPSCs in SCN neurons. We hypothesized that
glutamate release from RHT axonal terminals would be
eliminated in the SCN of vGlut2 cKO mice, and thus the
EPSC evoked by optic chiasm stimulation would be abol-
ished and the sEPSC frequency would be greatly re-
duced.

First, we confirmed that the EPSCs evoked by optic
chiasm stimulation were mediated by RHT glutamate re-
lease. All eEPSCs recorded in SCN neurons from WT
animals and littermate controls were eliminated by bath
application of the AMPA receptor antagonist CNQX (20
�M) indicating that EPSCs evoked by optic chiasm stim-
ulation require activation of glutamatergic AMPA recep-
tors (Fig. 5A,B). Stimulation of the optic chiasm also
evoked EPSCs in vGlut2 cKOs and dKOs and these EP-
SCs were also eliminated by application of CNQX (Fig.

5C,D). The finding that optic chiasm stimulation evoked
glutamatergic EPSCs in vGlut2 KOs was unexpected. We
had anticipated that no glutamatergic eEPSCs would be
observed following optic chiasm stimulation in animals in
which vGlut2 expression had been eliminated in ipRGCs.

The observed RHT-mediated eEPSCs in vGlut2 cKO
and dKO mice might have been the result of only a partial
rather than a complete block of glutamate packaging into
ipRGC synaptic vesicles. If this were the case, stronger
stimuli might be required to evoke an EPSC. To address
this possibility, we studied the stimulus strength required
to evoke an EPSC in vGlut2 cKO mice. In this experiment
the optic chiasm was stimulated with a single pulse and
the stimulus intensity was gradually increased in 1-V
steps from 3 to 30 V. The recordings from cKO mice (n �
52 neurons) were compared with recordings from WT
controls (n � 50 neurons). The distribution of stimulus
voltages which evoked threshold EPSCs was similar for
WT and cKO (p � 0.310, GEE; Fig. 5E; Table 1). The
thresholds also were similar for WT versus controls and
cKO versus controls (p � 0.864 and p � 0.518, respec-
tively, GEE; Table 1). These results indicate that glutamate
filling of synaptic vesicles was not substantially altered in
cKO mice.

Another potential explanation for the unexpected ob-
servation of optic chiasm stimulation-evoked EPSCs in
SCN neurons of cKO mice might have been the result of
a failure to eliminate glutamate packaging in all ipRGCs
that innervate the SCN resulting in some ipRGCs trans-
mitting signals normally. If only some ipRGCs afferent to
the SCN were capable of releasing glutamate normally,
then a stronger stimulus might be required to evoke a
maximal response in SCN neurons. To explore this pos-
sibility, the relationship between the eEPSC amplitude
and the stimulus strength was compared between SCN
neurons in WT controls and cKOs animals (Fig. 6). The
SCN neuronal responses observed in both WT control
and cKO animals were highly variable. Some recorded
neurons showed gradually increasing eEPSC amplitudes
with increasing stimulus intensities whereas in other SCN
neurons, the eEPSC amplitude rapidly reached the max-
imal level during increasing stimulation intensities (Fig.
6A,B). In these neurons, the maximal eEPSC amplitude
was observed when the stimulus strength exceeded 1.5–
2.0 times the threshold level. Linear mixed-effect models
were used to analyze eEPSC amplitude (pA) as a function
of stimulus (V). To account for nonlinear behavior, stimu-
lation (range: 3–30 V) was decomposed using restricted
cubic splines (RCS) with seven knots. (Knot placement
corresponded roughly to the 2.5th, 18.3th, 34.2th, 0.50th,
0.66th, 0.82th, and 97.5th percentiles of stimulus.) Models
treated an individual mouse as a random effect. Influence
of genotype (WT vs cKO) was assessed through a test of
the all RCS components interacting with genotype. There

continued
(Opn4�/�; Vglut2loxP/loxP; A), cKO (Opn4Cre/�; Vglut2loxP/loxP; B–H) and dKO (Opn4Cre/Cre; Vglut2loxP/loxP; I, J) mice maintained under
L12:D12 conditions. Animals shown in A, C–H were maintained initially under 100 lux:0 lux for 37 d followed by 1000 lux:0 lux for 40
d. Animals shown in B, I, J were maintained initially under 1000 lux:0 lux for 35 d followed 100 lux:0 lux for 22 d.
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Figure 5. Evoked and spontaneous EPSCs in SCN neurons. Voltage-clamp recordings of eEPSCs in SCN neurons of (A) WT; (B)
control (Opn4�/�; Vglut2loxP/loxP); (C) cKO (Opn4Cre/�; Vglut2loxP/loxP); and (D) dKO (Opn4Cre/Cre; Vglut2loxP/loxP) mice. EPSCs
(membrane potential clamped at -60 mV) were evoked by stimulation of the optic chiasm in the absence of CNQX (left recording in
A–D) and in the presence of AMPA/kainate antagonist CNQX (20 �M, right recording in A–D). Each recording in A–D shows a test
current followed by a stimulus artifact and the eEPSC. sEPSC are shown in the recordings on the right. The corresponding actograms
for each of the mice (B, C) are shown in Figure 4B (B), G (C), and I (D). E, A histogram showing the distribution of the stimulation
voltage required to evoke the threshold EPSC in WT (n � 50 neurons, black bars) and cKO mice (n � 52, gray bars); there was no
significant difference between the two groups.

Table 1. Parameters of eEPSCs in SCN neurons

Mouse genotype WT Controls cKO p value
Number of mice 16 9 12
Neurons/eEPSC 19/475 20/500 16/377
Peak amplitude (pa) 156.3 187.8 225.7 139.7 181.4 235.6 143.2 170.6 203.3 0.756
Time to peak (ms) 4.6 5.1 5.5 4.5 4.8 5.1 4.4 4.9 5.5 0.636
Rise time (ms) 1.3 1.53 1.7 1.3 1.5 1.8 1.2 1.5 1.9 0.815
Decay time constant (ms) 5.1 6.4 7.6 4.8 5.4 6.0 4.0 4.9 5.8 0.173
Threshold (V) 7.6 9.0 10.4 6.9 8.8 10.7 6.8 8.0 9.3 0.569
Stimulation (V) 12.1 13.5 14.9 11.8 14.3 16.9 14.4 16.7 18.9 0.065

WT: wild-type controls; controls: littermate controls; cKO: Opn4Cre/�; Vglut2loxP/loxP. LL and UL CI: lower and upper limits of confidence interval; GEE was
used to calculate means, confidence intervals, and p values (shown for comparison between all three mouse types). The center value indicates the mean. The
subscripted values indicate the lower (left) and upper (right) limits of the 95% confidence interval. EPSCs were evoked by 0.08-Hz stimulation of the optic
chiasm, which did not induce synaptic depression.
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was no evidence to suggest eEPSC amplitude as a func-
tion of stimulus was modified by genotype [X2 (6 df) �
2.66, p � 0.85; test of RCS:genotype interactions]. Fur-
ther, there was no indication that genotype was associ-
ated with eEPSC amplitude [X2 (7 df) � 4.69, p � 0.70;
composite geno � RCS:geno]. Figure 6A,B shows results
from each fitted model at the population level (averaged
over all animal-specific random effects). Plotting symbols
show the geometric mean amplitude at a given stimula-
tion. Error bars are omitted as there is no unique or
unambiguous way to define SE when multiple sources of
variation are present.

SCN neurons which were characterized by large max-
imal eEPSC amplitude were analyzed further and the
parameters of these eEPSCs were compared between the

four mouse genotypes: WT (mice/neurons; 16/19); litter-
mate controls (9/20); cKOs (12/16); and dKOs (2/3). Dur-
ing the whole cell recordings, the series resistances (M�)
were similar among the mouse genotypes: WT 36.3 (95%
confidence interval: 31.9–41.4), littermate controls (con-
trols), 33.7 (95% confidence interval: 29.8–38.0), and cKO
31.0 (confidence interval: 27.4–35.0; GEE analysis, p �
0.215). There were no significant differences in the eEPSC
peak amplitude, time to peak, rise time, or decay time
constant (for values and statistical analysis, see Table 1).
The stimulus voltages needed to evoke the threshold
eEPSC and the maximal amplitude EPSC were not signif-
icantly different between mouse groups (GEE analysis, p
� 0.569 and p � 0.065, respectively; Table 1). Data for
individual mice are presented in Figure 7. The data for

Figure 6. The relationship between eEPSC amplitude and stimulus strength in WT and cKO SCN neurons. Dependence of eEPSC
amplitude (pA) on the strength of stimulus (V) applied to the optic chiasm in WT and Opn4Cre/� mice (A–F). A, C, E, WT (n � 35 SCN
neurons). B, D, F, cKO (Opn4Cre/�; Vglut2loxP/loxP; n � 41 SCN neurons). A, B, Each line on the graph represents voltage-dependent
changes of eEPSC for an individual neuron. C, D, Scatter histograms showing the distribution of EPSC amplitudes evoked by
stimulation. E, F, The results of each fitted linear mixed-effect model (lines) were used to analyze the eEPSC amplitude (pA) model
at the population level (averaged over all animal-specific random effects) for the WT and Opn4Cre/� mice (E, F). The plotting symbols
show the geometric mean amplitude at each stimulation amplitude. Error bars are omitted as there is no unique or unambiguous way
to define SE when multiple sources of variation are present.
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dKO mice were excluded from statistical analysis be-
cause of a small number of animals and recorded neu-
rons. The recorded eEPSC parameters for the dKO mice
(n � 3 cells) were in similar ranges for the maximal eEPSC
amplitude (83.2–248.4 pA), time-to peak (3.60–4.96 ms),
rise time (0.83–1.75 ms), and decay time constant (2.95–
6.48 ms). This demonstrates that some ipRGCs in cKO

animals remained capable of releasing synaptic vesicles
loaded with glutamate onto SCN neurons.

We further hypothesized that the rate of synaptic vesi-
cle replenishment with glutamate in RHT terminals might
be altered during long repetitive stimulation of the optic
chiasm, which can exhaust the synaptic vesicle replen-
ishment and glutamate release in vGlut2 KO mice. We

Figure 7. Plots showing all the data points for each of the eEPCS parameters analyzed. The small black circles are the individual data
points, the horizontal lines indicate the 25th quartile, the median, and the 75th quartile. The large black circles indicate data points
lying outside 1.5 times the interquartile range. The whiskers indicate the upper and lower values.
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also expected that in vGlut2 KO mice synaptic vesicle
replenishment might not compensate the synaptic vesicle
depletion and, therefore, the steady-state eEPSC ampli-
tude during short-term synaptic depression will be signif-
icantly lower than in WT control mice. To investigate this,
the optic chiasm was stimulated with trains of stimuli,
which induced synaptic depression (Moldavan and Allen,
2010; Moldavan et al., 2013). In the four mouse groups
WT, littermate controls, cKO, and dKO, repetitive 0.08-Hz
stimulation did not induce synaptic depression (Fig. 8A),
which was observed only at higher stimulus frequencies:
0.5, 1, 5, 10, and 25 Hz (Fig. 8B–F). During application of
subsequent stimuli in the train, there was a frequency-
dependent decrease in the eEPSC amplitude which
reached a steady-state value and was not significantly
different among the four mouse groups.

We hypothesized that vGlut2 KO could increase the
number of failures in glutamate release from RHT termi-
nals. To evoke EPSCs the optic chiasm was stimulated at
0.08 Hz with a stimulus strength 1.5–2.0 times the thresh-
old. Under these experimental conditions the stimulation
did not induce synaptic depression and faithfully evoked
EPSCs without failures in mice in all genotype groups.
Therefore, to check whether the vGlut2 KO affects the
variability of the eEPSC amplitude, we measured the SD
of the eEPSC amplitude of each group of animals. Coef-
ficient of dispersion [coefficient of variation (CV)] for each
group was estimated as a ratio of SD to the mean eEPSC
amplitude (CV � SD/mean): WT (0.15), controls (0.23),
and cKO (0.21). Application of the Kruskal–Wallis rank
sum test did not reveal significant differences between the
groups (p � 0.101).

Spontaneous EPSCs in cKO mice
The amplitude, decay time constant (�), charge transfer

(pA/ms), and the frequency of sEPSCs were not different
among the mouse groups (Table 2). The rise time signifi-
cantly decreased in the littermate control mice compared
with WT mice but were not different between cKO and
Controls/WT (one–way ANOVA followed by Tukey HSD
test, Fcrit � 3.18, F(2,51) � 4.11, p � 0.02; Table 2). The
data range for dKO mice (n � 2 cells) were: sEPSC
amplitude (15.2–26.4 pA), rise time (1.1–3.0 ms), decay
time constant (3.2–3.7 ms), frequency (0.1–6.7 sEPSC/s),
and area (charge transfer: 66.7–73.7 pA/ms). sEPSCs
were mediated by AMPA receptors as they were blocked
by CNQX (20 �M).

Discussion
Genetically modified mice have been critical to further-

ing our understanding of virtually every facet of biology
including providing invaluable insights into the molecular
regulation of sleep and circadian rhythms (Lowrey and
Takahashi, 2011; Funato et al., 2016). However, the power
of genetic mouse models is dependent on physiologic
verification of the intended genetic modifications. In the
current study, we generated two independent but similar
strains of mice in which the glutamate transporter vGlut2
was selectively knocked out in ipRGCs using Cre-lox
recombination with the aim of eliminating glutamatergic
retinal input to the SCN. To evaluate functionally the effect

of knocking out ipRGC glutamatergic innervation of the
SCN, circadian behavior was examined under several
lighting conditions in a series of experiments. It was an-
ticipated that in these experiments any observed residual
circadian behavioral responses to light could be attributed
to the remaining RHT peptidergic input to the SCN (Han-
nibal, 2006; Tsuji et al., 2017).

To physiologically verify that the genetic modification
strategy employed to eliminate RHT glutamatergic signal-
ing was successful, electrophysiological recordings were
made from SCN neurons in a hypothalamic slice prepa-
ration from animals whose circadian behavior had been
evaluated. To our surprise, all vGlut2 cKO and dKO ani-
mals recorded retained RHT glutamatergic signaling. Al-
though a slightly stronger stimulus was required to induce
maximal amplitude EPSCs in cKO animals compared to
controls, this difference (16.7 vs 14.3 V) did not reach
statistical significance (p � 0.065; Table 1). Since RHT
glutamatergic input was not completely eliminated in
ipRGC vGlut2 cKOs, circadian behavioral responses to
light could not be assigned solely to ipRGC peptide neu-
rotransmitters.

There are several potential explanations for the ob-
served ipRGC glutamatergic input to the SCN in ipRGC
vGlut2 cKO animals. However, the simplest explanation is
that Cre-recombinase was not expressed (or insufficiently
expressed) in at least some ipRGCs afferent to the SCN
and consequently not all ipRGC glutamatergic transmis-
sion was eliminated when Opn4Cre mice were crossed
with vGlut2loxP animals. Indeed, Cre-recombinase was not
expressed in all ipRGCs in the Hopkins Opn4Cre mouse
line used herein and by several other laboratories to gen-
erate ipRGC vGlut2 cKOs (Delwig et al., 2013; Purrier
et al., 2014; Gompf et al., 2015; Keenan et al., 2016) or
other cKOs (Chew et al., 2017). Based on melanopsin
immunostaining, it was indicated that “the majority of
melanopsin-immunoreactive cells expressed the reporter
proteins” in which Cre-mediated recombination activated
the expression of EGFP (Ecker et al., 2010). No further
quantification was provided. In the other Opn4Cre mouse
line we used to generate ipRGC vGlut2 cKOs (Salk-Cre
mouse line), Hatori and coworkers indicated that a “small
number of RGCs stained positive for melanopsin, but
showed no detectable level of EGFP fluorescence” (Hatori
et al., 2008), qualitatively similar to the Hopkins-Cre
mouse line. It was offered that the disparity between
EGFP expression and melanopsin immunostaining might
represent ipRGCs with insufficient Cre expression, Cre
activity, or EGFP level. It would appear based on our
observations that at least a small but functionally signifi-
cant fraction of melanopsin-expressing ipRGCs afferent
to the SCN do not express or insufficiently express Cre-
recombinase in the two Opn4Cre mouse lines evaluated in
this study. Thus, the ipRGCs lacking Cre-recombinase
expression continue to use vGlut2 to load glutamate into
synaptic vesicles and provide light-evoked glutamatergic
input to the SCN. There is no doubt that the eEPSCs
observed in the SCN in this study were glutamatergic
since all evoked responses were completely blocked by
the application of CNQX, a potent and selective AMPA/
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Figure 8. Short-term synaptic depression in SCN neurons during stimulus train application. Stimulation of the optic chiasm with trains
of 25 stimuli at 0.08- to 25-Hz frequencies (A–F). The amplitude of each subsequent eEPSC in the train was normalized to the

New Research 15 of 18

May/June 2018, 5(3) e0411-17.2018 eNeuro.org



kainite receptor antagonist. Using a similar recombination
approach, when vGlut2 is knocked out in vGlut2-
expressing neurons, glutamatergic synaptic transmission
is eliminated (Hnasko et al., 2010; Koch et al., 2011).
These findings are consistent with our interpretation that
vGlut2 expression was not eliminated in all ipRGCs affer-
ent to the SCN. It is not known why vGlut2 expression was
retained in some ipRGCs, but the vagaries of conditional
gene targeting are well documented (Schmidt-Supprian
and Rajewsky, 2007).

If only a small number of ipRGCs in the cKOs main-
tained glutamatergic input to the SCN, then in the majority
of ipRGCs vGlut2-mediated glutamatergic transmission
was eliminated as anticipated. This interpretation is sup-
ported by the previously reported loss of vGlut2 expres-
sion in melanopsin-expressing RGCs in cKO animals
although the extent of the loss of vGlut2 expression in
these studies was not quantifiable due to technical limi-
tations (Delwig et al., 2013; Purrier et al., 2014). Additional
support for a large reduction in RHT glutamatergic input
to the SCN in vGlut2 cKO animals was the observed
altered circadian behavioral responses to light (current
study; Purrier et al., 2014; Gompf et al., 2015). However,
the extent to which cKO animals showed abnormal be-
havioral responses to light was highly variable in this
study and in others (Delwig et al., 2013; Purrier et al.,
2014; Gompf et al., 2015) and entrainment was light in-
tensity related. For example, in our study and in the report
of Gompf et al. (2015), some cKO animals showed very
little response to light essentially free-running throughout
the different lighting conditions (Figs. 1C, 4H ), whereas
other cKO animals showed relatively normal entrainment
(Figs. 1J, 4B ; Gompf et al., 2015).

The varying responses of ipRGC vGlut2 cKO animals to
light may reflect differences among animals in: (1) the total
number of ipRGCs that continued to transmit glutamater-
gic signals to the SCN; (2) the specific subtype of ipRGC
(M1 or M2; Baver et al., 2008) that continued transmitting

glutamatergic signals to the SCN; and/or (3) the specific
region of the SCN that the glutamatergic transmitting
ipRGCs targeted (Fernandez et al., 2016). There is some
information regarding the number of ipRGCs needed to
mediate photoentrainment. When 	90–95% of ipRGCs
are ablated, which results in only very few retinal afferents
to the SCN, mice no longer entrain to a 12L (150 lux):12D
(0 lux) cycle (Hatori et al., 2008). Entrainment can be
improved or restored to ipRGC vGlut2 cKO (presumably
with only a small number of glutamatergic transmitting
ipRGCs) under bright light conditions (1000 lux, current
study; 2000 lux; Gompf et al., 2015) albeit with an abnor-
mal phase angle.

We hypothesized that knocking out Vglut2 in ipRGCs
would eliminate glutamatergic neurotransmission in the
RHT by preventing glutamate from being loaded into syn-
aptic vesicles. If our hypothesis were correct, we then
predicted that stimulation of the optic chiasm would not
evoke the EPSCs typically observed in SCN neurons (Kim
and Dudek, 1991; Jiang et al., 1997; Moldavan et al.,
2006; Moldavan and Allen, 2010, 2013). However, stimu-
lation of the optic chiasm did evoke glutamatergic EPSPs
and several parameters of the eEPSCs (the peak ampli-
tude, the time-to-peak, and the rise time) were similar
among all mice. Stimulus voltages applied to evoke the
threshold eEPSC and the maximal amplitude EPSC were
not significantly different between mouse groups. No fail-
ures of eEPSC at applied stimulus conditions were ob-
served in any mouse, and no significant changes of
eEPSC amplitude deviation were observed between cKO
mice and controls. Also, a slightly stronger stimulation of
the optic chiasm was needed to evoke a maximal ampli-
tude EPSC in vGlut2 cKO animals compared to control
mice (p � 0.065), suggesting slightly altered evoked glu-
tamate release in cKO animals. Thus, during application of
single stimuli, the synaptic vesicles in the RHT axonal
terminals of cKO mice apparently contained sufficient
glutamate to maintain synaptic transmission but the num-

continued
amplitude of the first eEPSC: eEPSCn/eEPSC1. Frequency-dependence changes of eEPSC amplitude in WT (n � 18 neurons), control
(Opn4�/�; Vglut2loxP/loxP; n � 16 neurons), cKO (Opn4Cre/�; Vglut2loxP/loxP; n � 8 neurons), and dKO (Opn4Cre/Cre; Vglut2loxP/loxP; n
� 2 neurons) mice during stimulation with frequencies ranging from 0.08 to 25 Hz.

Table 2. Parameters of spontaneous EPSCs in SCN neurons

Genotype
Mice
(n) Neurons (n)

Amplitude
(pA)

Rise time
(10–90% of amplitude)
(ms)

Decay time
constant (ms) Area (charge) (pAm)

Frequency
events/s

WT 10 28 14.4 � 0.9 1.9 � 0.1 2.9 � 0.2 46.2 � 4.6 2.6 � 0.8
Control 3 11 17.1 � 1.7 1.4 � 0.2 3.6 � 0.2 43.9 � 4.0 1.9 � 0.7
cKO 10 15 16.3 � 1.1 1.6 � 0.2 2.9 � 0.2 46.3 � 3.4 2.4 � 0.7
ANOVA
F-crit

3.18 3.18 3.18 3.18 3.18

ANOVA
F(2,51)

1.44 4.11 0.55 0.06 0.12

p, (cKO vs WT) 0.47 0.21 0.95 1.00 0.99
p, (cKO vs control) 0.91 0.53 0.78 0.95 0.92
p, (control vs WT) 0.29 0.02� 0.56 0.95 0.86

WT: wild-type controls; control: littermate controls (Opn4�/�); cKO: Opn4Cre/�; Vglut2loxP/loxP. �p � 0.05, one-way ANOVA followed by Tukey HSD post hoc
test (Excel, Igor Pro). MiniAnalysis software (Synaptosoft Inc.) was used for acquisition and analysis of spontaneous EPSCs parameters.
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ber of vesicles being released was reduced in cKO ani-
mals.

Although it appears that the residual RHT glutamatergic
neurotransmission we observed in vGlut2 cKO animals in
the current study was the result of some ipRGCs retaining
the ability to load glutamate into synaptic vesicles using
vGlut2, there are other possibilities that deserve mention-
ing. In the absence of vGlut2 the possibility exists that
vGlut1 and/or vGlut3 were upregulated allowing gluta-
mate to be loaded into synaptic vesicles in at least some
ipRGCs resulting in the glutamatergic responses we ob-
served following stimulation of the optic chiasm. Purrier
et al. (2014) addressed the question of compensatory
expression of vGlut1 and vGlut3 in ipRGCs and found no
evidence to support this possibility. However, vGlut ex-
pression in RGC somas is not robust and if upregulation
occurred in only a small number of ipRGCs afferent to the
SCN this would have been very difficult to detect. Be-
cause of the low expression levels in the somas of RGCs,
vGlut2 in ipRGC axon terminals in the SCN has also been
examined with a small decrease detected in cKO mice
(Delwig et al., 2013). Other glutamatergic inputs to the
SCN (Pickard, 1982) make it difficult to assess either a
decrease in vGlut2 in ipRGCs axon terminals in the SCN
or potential compensatory expression of other glutamate
transporters especially if this occurs in only some
ipRGCs. Another possibility is that conventional RGCs
that do not typically innervate the SCN send axonal
branches into the SCN of vGlut2 cKO animals. This pos-
sibility was also addressed by Purrier et al. (2014) and the
RHT innervation of the SCN appeared normal, although a
small number of RGCs aberrantly innervating the SCN
would also be very difficult to detect. It is important to
emphasize that in either the case of compensatory
ipRGCs expression of vGlut1 and/or vGlut3 or aberrant
RGC projections to the SCN in vGlut2 cKO animals, the
conclusion of our study, that residual SCN-mediated be-
havioral responses to light cannot be solely attributed to
RHT PACAP afferents to the SCN, would not change.

In both WT control and cKO mice, there were broadly
two types of response in SCN neurons to increased stim-
ulation voltage: some neurons showed a gradual increase
in eEPSC amplitude whereas other showed a rapid in-
crease to maximal amplitude with only a 1.5- to 2.0-times
increase in stimulation strength over threshold. It would
appear that different populations of SCN neurons inte-
grate RHT input differently. This observation is interesting
since it was recently reported that the spike output of M1
ipRGCs afferent to the SCN also breaks down into two
types: those that show a monotonic increase in firing with
increasing irradiance and those that showed an increase
in firing rate with a subsequent sharp drop in firing rate as
irradiance increased (Milner and Do, 2017). It will be in-
teresting to determine how M1 ipRGCs with different
irradiance-firing relations are integrated in the SCN and
how different SCN neurons integrate this input.

Taken together, our recordings of evoked and sponta-
neous EPSCs indicate that significant glutamatergic neu-
rotransmission remains in RHT afferent fibers innervating
the SCN of the cKO mice and that the KO model resulted

in only subtle changes in the rate of vesicular replenish-
ment with glutamate even at high stimulation frequencies.
These results are consistent with the behavioral data
observed in this study and other studies using the ipRGC
vGlut2 cKO mouse. Unfortunately, the residual RHT glu-
tamatergic transmission in the cKO mouse model limits
the usefulness of this model for examining the role of RHT
peptidergic afferents to the SCN.

References
Baver SB, Pickard GE, Sollars PJ, Pickard GE (2008) Two types of

melanopsin retinal ganglion cell differentially innervate the hypo-
thalamic suprachiasmatic nucleus and the olivary pretectal nu-
cleus. Eur J Neurosci 27:1763–1770. CrossRef Medline

Berson DM, Dunn FA, Takao M (2002) Phototransduction by retinal
ganglion cells that set the circadian clock. Science 295:1070–
1073. CrossRef Medline

Chew KS, Renna JM, McNeill DS, Fernandez DC, Keenan WT,
Thomsen MB, Ecker JL, Loevinsohn GS, VanDunk C, Vicarel DC,
Tufford A, Weng S, Gray PA, Cayouette M, Herzog ED, Zhao H,
Berson DM, Hattar S (2017) A subset of ipRGCs regulate both
maturation of the circadian clock and segregation of retinogenicu-
late projections in mice. Elife 6:e22861. CrossRef

Delwig A, Majumdar S, Ahern K, LaVail MM, Edwards R, Hnasko TS,
Copenhagen DR (2013) Glutamatergic neurotransmission from
melanopsin retinal ganglion cells is required for neonatal photoa-
version but not adult pupillary light reflex. PLoS One 8:e83974.
CrossRef

Dhande OS, Stafford BK, Lim JA, Huberman AD (2015) Contributions
of retinal ganglion cells to subcortical visual processing and be-
haviors. Annu Rev Vis Sci 1:291–328. CrossRef

Ecker JL, Dumitrescu ON, Wong KY, Alam NM, Chen S-K, LeGates
T, Renna JM, Prusky GT, Berson DM, Hattar S (2010) Melanopsin-
expressing retinal ganglion-cell photoreceptors: cellular diversity
and role in pattern vision. Neuron 67:49–60. CrossRef Medline

Engelund A, Fahrenkrug J, Harrison A, Hannibal J (2010) Vesicular
glutamate transporter 2 (VGLUT2) is co-stored with PACAP in
projections from the rat melanopsin-containing retinal ganglion
cells. Cell Tiss Res 340:243–255. CrossRef

Estevez ME, Fogerson PM, Ilardi MC, Borghuis BG, Chan E, Weng S,
Auferkorte ON, Demb JB, Berson DM (2012) Form and function of
the M4 cell, an intrinsically photosensitive retinal ganglion cell type
contributing to geniculocortical vision. J Neurosci 32:13608–
13620. CrossRef Medline

Fernandez DC, Chang YT, Hattar S, Chen SK (2016) Architecture of
retinal projections to the central circadian pacemaker. Proc Natl
Acad Sci USA 113:6047–6052. CrossRef Medline

Funato H, Miyoshi C, Fujiyama T, Kanda T, Sato M, Wang Z, Ma J,
Nakane S, Tomita J, Ikkyu A, Kakizaki M, Hotta-Hirashima N,
Kanno S, Komiya H, Asano F, Honda T, Kim SJ, Harano K,
Muramoto H, Yonezawa T, et al. (2016) Forward-genetics analysis
of sleep in randomly mutagenized mice. Nature 539:378–383.
CrossRef Medline

Fyk-Kolodziej B, Dzhagaryan A, Qin P, Pourcho RG (2004) Immuno-
cytochemical localization of three vesicular glutamate transporters
in the cat retina. J Comp Neur 475:518–530. CrossRef Medline

Gompf HS, Fuller PM, Hattar S, Saper CB, Lu J (2015) Impaired
circadian photosensitivity in mice lacking glutamate transmission
from retinal melanopsin cells. J Biol Rhythms 30:35–41. CrossRef

Hannibal J (2006) Roles of PACAP-containing retinal ganglion cells in
circadian timing. Int Rev Cytol 251:1–39. CrossRef Medline

Hartwick ATE, Bramley JR, Yu J, Stevens KT, Allen CN, Baldridge
WH, Sollars PJ, Pickard GE (2007) Light-evoked calcium re-
sponses of isolated melanopsin-expressing retinal ganglion cells.
J Neurosci 27:13468–13480. CrossRef

Hatori M, Le H, Vollmers C, Keding SR, Tanaka N, Schmedt C, Jegla
T, Panda S (2008) Inducible ablation of melanopsin-expressing

New Research 17 of 18

May/June 2018, 5(3) e0411-17.2018 eNeuro.org

http://dx.doi.org/10.1111/j.1460-9568.2008.06149.x
http://www.ncbi.nlm.nih.gov/pubmed/18371076
http://dx.doi.org/10.1126/science.1067262
http://www.ncbi.nlm.nih.gov/pubmed/11834835
http://dx.doi.org/10.7554/eLife.22861
http://dx.doi.org/10.1371/journal.pone.0083974
http://dx.doi.org/10.1146/annurev-vision-082114-035502
http://dx.doi.org/10.1016/j.neuron.2010.05.023
http://www.ncbi.nlm.nih.gov/pubmed/20624591
http://dx.doi.org/10.1007/s00441-010-0950-3
http://dx.doi.org/10.1523/JNEUROSCI.1422-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/23015450
http://dx.doi.org/10.1073/pnas.1523629113
http://www.ncbi.nlm.nih.gov/pubmed/27162356
http://dx.doi.org/10.1038/nature20142
http://www.ncbi.nlm.nih.gov/pubmed/27806374
http://dx.doi.org/10.1002/cne.20199
http://www.ncbi.nlm.nih.gov/pubmed/15236233
http://dx.doi.org/10.1177/0748730414561545
http://dx.doi.org/10.1016/S0074-7696(06)51001-0
http://www.ncbi.nlm.nih.gov/pubmed/16939776
http://dx.doi.org/10.1523/JNEUROSCI.3626-07.2007


retinal ganglion cells reveals their central role in non-image forming
visual responses. PLoS One 6:e2451. CrossRef

Hattar S, Liao H-W, Takao M, Berson DM, Yau K-W (2002)
Melanopsin-containing retinal ganglion cells: architecture, projec-
tions, and intrinsic photosensitivity. Science 295:1065–1070.
CrossRef Medline

Hnasko TS, Chuhma N, Zhang H, Goh GY, Sulzer D, Palmiter RD,
Rayport S, Edwards RH (2010) Vesicular glutamate transport pro-
motes dopamine storage and glutamate corelease in vivo. Neuron
65:643–656.

Jiang ZG, Nelson CS, Allen CN (1995) Melatonin activates an out-
ward current and inhibits Ih in rat suprachiasmatic nucleus neu-
rons. Brain Res 687:125–132. CrossRef

Jiang ZG, Yang Y, Liu ZP, Allen CN (1997) Membrane properties and
synaptic inputs of suprachiasmatic nucleus neurons in rat brain
slices. J Physiol 499:141–159. CrossRef

Johnson J, Fremeau RT, Duncan JL, Rentería RC, Yang H, Hua Z, Liu
X, LaVail MM, Edwards RH, Copenhagen DR (2007) Vesicular
glutamate transporter 1 is required for photoreceptor synaptic
signaling but not for intrinsic visual functions. J Neurosci 27:7245–
7255. CrossRef

Keenan WT, Rupp AC, Ross RA, Somasundaram P, Hiriyanna S, Wu
Z, Badea TC, Robinson PR, Lowell BB, Hattar SS (2016) A visual
circuit uses complementary mechanisms to support transient and
sustained pupil constriction. Elife 5:e15392. CrossRef

Kim YI, Dudek FE (1991) Intracellular electrophysiological study of
suprachiasmatic nucleus neurons in rodents: excitatory synaptic
mechanisms. J Physiol 444:269–287. Medline

Kiss J, Csáki A, Csaba Z, Halász B (2008) Synaptic contacts of
vesicular glutamate transporter 2 fibres on chemically identified
neurons of the hypothalamic suprachiasmatic nucleus of the rat.
Eur J Neurosci 28:1760–1774. CrossRef Medline

Koch SM, Dela Cruz CG, Hnasko TS, Edwards RH, Huberman AD,
Ullian EM (2011) Pathway-specific genetic attenuation of gluta-
mate release alters select features of competition-based visual
circuit refinement. Neuron 71:235–242. CrossRef Medline

Lowrey PL, Takahashi JS (2011) Genetics of circadian rhythms in
mammalian model organisms. Adv Genet 74:175–230. CrossRef
Medline

Milner ES, Do MTH (2017) A population representation of absolute
light intensity in the mammalian retina. Cell 171:865–876. Cross-
Ref Medline

Moldavan MG, Allen CN (2010) Retinohypothalamic tract synapses in
the rat suprachiasmatic nucleus demonstrate short-term synaptic
plasticity. J Neurophysiol 103:2390–2399. CrossRef Medline

Moldavan MG, Allen CN (2013) GABAB receptor-mediated
frequency-dependent and circadian changes in synaptic plasticity
modulate retinal input to the suprachiasmatic nucleus. J Physiol
591:2475–2490. CrossRef Medline

Moldavan MG, Irwin RP, Allen CN (2006) Presynaptic GABA(B) re-
ceptors regulate retinohypothalamic tract synaptic transmission
by inhibiting voltage-gated Ca2� channels. J Neurophysiol 95:
3727–3741. CrossRef

Morin LP, Studholme KM (2014) Retinofugal projections in the
mouse. J Comp Neur 522:3733–3753. CrossRef Medline

Pickard GE (1982) The afferent connections of the suprachiasmatic
nucleus of the golden hamster with emphasis on the retinohypo-
thalamic projection. J Comp Neur 211:65–83. CrossRef

Purrier N, Engeland WC, Kofuji P (2014) Mice deficient of glutama-
tergic signaling from intrinsically photosensitive retinal ganglion
cells exhibit abnormal circadian photoentrainment. PLoS One
9:e111449. CrossRef Medline

R Core Team (2017) R: a language and environment for statistical
computing. Vienna, Austria: R Foundation for Statistical Comput-
ing.

Schmidt-Supprian M, Rajewsky K (2007) Vagaries of conditional
gene targeting. Nat Immunol 8:665–668. CrossRef Medline

Sollars PJ, Pickard GE (2015) The neurobiology of circadian rhythms.
Psychiatr Clin North Am 38:645–665. CrossRef Medline

Stella SL, Li S, Sabatini A, Vila A, Brecha NC (2008) Comparison of
the ontogeny of the vesicular glutamate transporter 3 (VGLUT3)
with VGLUT1 and VGLUT2 in the rat retina. Brain Res 1215:20–29.
CrossRef Medline

Tsuji T, Allchorne AJ, Zhang M, Tsuji C, Tobin VA, Pineda R, Rafto-
gianni A, Stern JE, Grinevich V, Leng G, Ludwig M (2017) Vaso-
pressin casts light on the suprachiasmatic nucleus. J Physiol
595:3497–3514. CrossRef Medline

New Research 18 of 18

May/June 2018, 5(3) e0411-17.2018 eNeuro.org

http://dx.doi.org/10.1371/journal.pone.0002451
http://dx.doi.org/10.1126/science.1069609
http://www.ncbi.nlm.nih.gov/pubmed/11834834
http://dx.doi.org/10.1016/j.neuron.2010.02.012
http://dx.doi.org/10.1113/jphysiol.1997.sp021917
http://dx.doi.org/10.1523/JNEUROSCI.0815-07.2007
http://dx.doi.org/10.7554/eLife.15392
http://www.ncbi.nlm.nih.gov/pubmed/1688029
http://dx.doi.org/10.1111/j.1460-9568.2008.06463.x
http://www.ncbi.nlm.nih.gov/pubmed/18973592
http://dx.doi.org/10.1016/j.neuron.2011.05.045
http://www.ncbi.nlm.nih.gov/pubmed/21791283
http://dx.doi.org/10.1016/B978-0-12-387690-4.00006-4
http://www.ncbi.nlm.nih.gov/pubmed/21924978
http://dx.doi.org/10.1016/j.cell.2017.09.005
http://dx.doi.org/10.1016/j.cell.2017.09.005
http://www.ncbi.nlm.nih.gov/pubmed/28965762
http://dx.doi.org/10.1152/jn.00695.2009
http://www.ncbi.nlm.nih.gov/pubmed/20220078
http://dx.doi.org/10.1113/jphysiol.2012.248047
http://www.ncbi.nlm.nih.gov/pubmed/23401614
http://dx.doi.org/10.1152/jn.00909.2005
http://dx.doi.org/10.1002/cne.23635
http://www.ncbi.nlm.nih.gov/pubmed/24889098
http://dx.doi.org/10.1002/cne.902110107
http://dx.doi.org/10.1371/journal.pone.0111449
http://www.ncbi.nlm.nih.gov/pubmed/25357191
http://dx.doi.org/10.1038/ni0707-665
http://www.ncbi.nlm.nih.gov/pubmed/17579640
http://dx.doi.org/10.1016/j.psc.2015.07.003
http://www.ncbi.nlm.nih.gov/pubmed/26600101
http://dx.doi.org/10.1016/j.Brain%20Res.2008.03.038
http://www.ncbi.nlm.nih.gov/pubmed/18482716
http://dx.doi.org/10.1113/JP274025
http://www.ncbi.nlm.nih.gov/pubmed/28402052

	Circadian Behavioral Responses to Light and Optic Chiasm-Evoked Glutamatergic EPSCs in the Supra ...
	Introduction
	Materials and Methods
	Animals
	Behavioral studies
	Experiment 1
	Experiment 2
	Experiment 3

	Animal housing and brain slice preparation
	Whole-cell patch clamp recording
	Optic chiasm stimulation
	Test agent application
	Statistical analysis

	Results
	Experiment 1. Wheel-running behavior of Salk-Cre vGlut2 KO mice
	Littermate controls (Opn4+/+; vGlut2loxP/loxP)
	cKOs (Opn4Cre/+; vGlut2loxP/loxP)
	dKOs (Opn4Cre/Cre; vGlut2loxP/loxP)

	Experiment 2. Wheel-running behavior of Hopkins-Cre vGlut2 cKO mice
	Littermate controls (Opn4+/+; vGlut2loxP/loxP)
	cKOs (Opn4Cre/+; vGlut2loxP/loxP)

	Experiment 3. Wheel-running behavior of Salk-Cre and Hopkins-Cre vGlut2 KO mice
	Littermate controls (Opn4+/+; vGlut2loxP/loxP)
	cKOs (Opn4Cre/+; vGlut2loxP/loxP)
	dKOs (Opn4Cre/Cre; vGlut2loxP/loxP)

	RHT-evoked EPSCs in SCN neurons
	Spontaneous EPSCs in cKO mice

	Discussion

	References

