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Abstract 35 

 Intrinsically photosensitive retinal ganglion cells (ipRGCs) innervate the hypothalamic 36 

suprachiasmatic nucleus (SCN), a circadian oscillator that functions as a biological clock. ipRGCs 37 

use vesicular glutamate transporter 2 (vGlut2) to package glutamate into synaptic vesicles and 38 

light-evoked resetting of the SCN circadian clock is widely attributed to ipRGC glutamatergic 39 

neurotransmission. Pituitary adenylate cyclase activating polypeptide (PACAP) is also packaged 40 

into vesicles in ipRGCs and PACAP may be co-released with glutamate in the SCN. vGlut2 has 41 

been conditionally deleted in ipRGCs in mice (cKOs) and their aberrant photoentrainment and 42 

residual attenuated light responses have been ascribed to ipRGC PACAP release. However, 43 

there is no direct evidence that all ipRGC glutamatergic neurotransmission is eliminated in 44 

vGlut2 cKOs.  Here we examined two lines of ipRGC vGlut2 cKO mice for SCN-mediated 45 

behavioral responses under several lighting conditions and for ipRGC glutamatergic 46 

neurotransmission in the SCN.  Circadian behavioral responses varied from a very limited 47 

response to light to near normal photoentrainment. After collecting behavioral data, 48 

hypothalamic slices were prepared and evoked excitatory postsynaptic currents (eEPSCs) were 49 

recorded from SCN neurons by stimulating the optic chiasm. In cKOs, glutamatergic eEPSCs 50 

were recorded and all eEPSC parameters examined (stimulus threshold, amplitude, rise time or 51 

time-to-peak and stimulus strength to evoke a maximal response) were similar to controls. We 52 

conclude that a variable number but functionally significant percentage of ipRGCs in two vGlut2 53 

cKO mouse lines continue to release glutamate. Thus, the residual SCN-mediated light 54 

responses in these cKO mouse lines cannot be attributed solely to ipRGC PACAP release. 55 

 56 
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Significance Statement 57 

This study examined glutamatergic signaling by intrinsically photosensitive retinal ganglion cells 58 

(ipRGCs) of mice in which vesicular glutamate transporter 2 was knocked out using Cre 59 

recombination. The results indicate that significant glutamatergic neurotransmission remains in 60 

ipRGCs of Opn4Cre/+;vGlut2loxP/loxP mice and that the ipRGC vGlut2 conditional knockout model 61 

resulted in only subtle changes in the rate of vesicular glutamate replenishment even at high 62 

stimulation frequencies. These findings are consistent with the behavioral data observed in this 63 

and previous studies. Unfortunately, the residual ipRGC glutamatergic transmission in the 64 

Opn4Cre/+;vGlut2loxP/loxP mouse model limits the usefulness of this model to examine the role of 65 

retinal peptidergic afferents to the suprachiasmatic nucleus and also suggest caution when 66 

using Opn4Cre/+ mice in other Cre recombination models. 67 

 68 

Introduction 69 

 Retinal ganglion cells (RGCs), the projection neurons of the retina, transmit signals to a 70 

diverse group of subcortical target structures in the brain that contribute to image-forming and 71 

non-imaging functions (Morin and Studholme, 2014; Dhande et al., 2015).  Targets of RGCs that 72 

mediate non-image forming functions such as the hypothalamic suprachiasmatic nucleus (SCN), 73 

a circadian oscillator that functions as a biological clock, are innervated by a small subset of 74 

RGCs that express the photopigment melanopsin (Opn4). Melanopsin expression provides 75 

these retinal neurons the ability to depolarize and generate action potentials in direct response 76 

to photic stimulation (Berson et al., 2002; Hartwick et al., 2007).  Two of the five currently 77 
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recognized subtypes of melanopsin-expressing intrinsically photosensitive RGCs (ipRGCs) (M1 78 

and M2) send signals to the SCN via the retinohypothalamic tract (RHT) (Berson et al., 2002; 79 

Hattar et al., 2002; Baver et al., 2008; Ecker et al., 2010; Estevez et al., 2012; Fernandez et al., 80 

2016). These signals reset the SCN clock on a daily basis thereby entraining the circadian (i.e., 81 

approximately 24 h) oscillation of clock gene expression and neural activity in the SCN to the 24 82 

h day/night cycle (Sollars and Pickard, 2015). 83 

 A vast majority, if not all RGCs convey signals to the brain using glutamatergic 84 

neurotransmission. This requires the packaging of glutamate into synaptic vesicles by one of the 85 

three isoforms of the vesicular glutamate transporter (vGlut1-3) and ipRGCs use vGlut2 (Fyk-86 

Kolodziej et al., 2004; Johnson et al., 2007; Kiss et al., 2008; Stella et al., 2008). In addition to 87 

glutamate, ipRGCs also sequester pituitary adenylate cyclase-activating polypeptide (PACAP) 88 

into synaptic vesicles, and PACAP may be co-released with glutamate from RHT terminals in the 89 

SCN (Hannibal, 2006; Engelund et al., 2010). PACAP signaling may play a role in mediating some 90 

of the effects of light on the SCN and/or PACAP may modulate the effects of RHT glutamatergic 91 

neurotransmission, but the exact role of ipRGC PACAP neurotransmission in the SCN remains 92 

largely unknown. 93 

 To gain a better understanding of the potential role of PACAP in conveying ipRGC signals 94 

to the brain, a transgenic mouse strain was generated in which ipRGC glutamatergic 95 

neurotransmission was selectively impaired by eliminating the vGlut2 transporter in ipRGCs 96 

(ipRGC vGlut2 conditional knock-outs; cKOs) (Delwig et al., 2013; Purrier et al., 2014; Gompf et 97 

al., 2015). Behaviors dependent on ipRGC signaling (e.g., photoentrainment, pupillary light 98 
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reflex and neonatal photoaversion) were dramatically affected in the cKO mice, although not all 99 

ipRGC-mediated responses to light were completely eliminated. The residual ipRGC-mediated 100 

responses to light in the cKO animals have been attributed to the remaining ipRGC 101 

neurotransmitter, PACAP (Delwig et al., 2013; Purrier et al., 2014; Gompf et al., 2015; Keenan et 102 

al., 2016).  However, the strength of this interpretation and ultimately the utility of the ipRGC 103 

vGlut2 cKO mouse strain are dependent on the extent to which glutamatergic 104 

neurotransmission has been eliminated in ipRGCs. Unfortunately, direct evidence showing that 105 

ipRGC glutamatergic neurotransmission is completely abolished in the ipRGC vGlut2 cKO mouse 106 

strain is lacking. 107 

 In the current study, we generated an ipRGC vGlut2 cKO mouse line similar to the mice 108 

described above.  The Opn4-Cre mouse strain used in the studies described above in which Cre-109 

recombinase is expressed in ipRGCs under control of the Opn4 promoter (Ecker et al., 2010) 110 

was crossed with a mouse strain in which the second exon of vGlut2 is flanked by loxP sites. In 111 

addition, we generated a second independent ipRGC vGlut2 cKO mouse line using a similar 112 

strategy of crossing a different mouse strain in which Cre-recombinase is expressed in ipRGCs 113 

under control of the Opn4 promoter (Hatori et al., 2008) with the same mouse strain in which 114 

the second exon of vGlut2 is flanked by loxP sites. Both vGlut2 cKO mouse lines were used to 115 

evaluate SCN-mediated behavioral responses to light. After behavioral data had been collected, 116 

a subset of animals was examined for RHT-mediated glutamatergic neurotransmission by 117 

recording excitatory postsynaptic currents (EPSCs) of SCN neurons evoked by optic chiasm 118 

stimulation in an in vitro slice preparation. The results from both ipRGC vGlut2 cKO mouse lines 119 

that we generated were similar and very clearly indicate that SCN-mediated responses to light 120 
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are retained in almost all of these animals and that a functionally significant percentage of 121 

ipRGCs continue to release glutamate in the SCN. The results emphasize the need for 122 

physiologic verification of genetic mouse models and strongly undermine the interpretation 123 

that residual ipRGC-mediated behavior in ipRGC vGlut2 cKO mice is the result of light-evoked 124 

PACAP release from ipRGC terminals in the SCN. 125 

Materials and Methods 126 

Animals 127 

 Two mouse lines in which Cre-recombinase was knocked in to the Opn4 locus were used 128 

in this study. One mouse line described previously (Hatori et al., 2008) was generously provided 129 

by Satchidananda Panda (Salk Institute) and the other mouse line (Ecker et al., 2010) was 130 

generously provided by Samer Hattar (Johns Hopkins University). Mice from each line (referred 131 

to as Salk-Cre and Hopkins-Cre animals) homozygous for Cre (Opn4Cre/Cre) were crossed with 132 

mice homozygous for floxed-slc17a6 which encodes vGlut2 (these mice possess loxP sites 133 

flanking exon 2 of the vGlut2 gene) (Slc17a6tm1Lowl/J, stock #012898, vGlut2loxP/loxP, Jackson Labs, 134 

Bar Harbor, ME). The F1 generation (Opn4Cre/+; vGlut2loxP/+) was backcrossed with vGlut2loxP/loxP 135 

mice to generate conditional knock outs (cKO) (Opn4Cre/+; vGlut2loxP/loxP) and these mice were 136 

bred to generate animals lacking both melanopsin and vGlut2 (double knockouts, dKO; 137 

Opn4Cre/Cre; vGlut2loxP/loxP) and littermate controls (Opn4+/+; vGlut2loxP/loxP). It should be noted 138 

that in this breeding scheme: 1) the cKO animals retain a single copy of Opn4 and thus ipRGCs 139 

remain intrinsically photosensitive; and 2) the dKO mice should have no intrinsic 140 

photosensitivity remaining in ipRGCs as both copies of Opn4 should be replaced by Cre-141 

recombinase.  Animals were maintained under a light:dark (L:D) cycle consisting of 12 h 100 lux 142 
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light followed by 12 h of complete darkness at 20-22 oC with free access to food and water. All 143 

procedures were approved by the Institutional Animal Care and Use Committees and all efforts 144 

were made to minimize pain and the number of animals used. 145 

Behavioral studies 146 

 Mice were weaned at 21 days of age, separated by gender and maintained 4 animals per 147 

cage under 12 h:12 h L:D conditions until they were at least 8 weeks old. Mice of either gender 148 

were subsequently housed individually in cages equipped with running wheels under various 149 

lighting conditions and wheel-running behavior was recorded using ClockLab software 150 

(Actimetrics, Wilmette, IL). Animal maintenance was performed with the aid of infrared night 151 

vision goggles (ITT-NE5001 generation 3, GT Distributors, Austin, TX) when necessary. Three 152 

independent behavioral experiments utilizing a total of 49 animals (16 littermate controls, 28 153 

cKOs, and 5 dKOs) were conducted and electrophysiology was performed on 23 of the 49 mice. 154 

The free-running period was estimated using the last 10 days of activity under constant 155 

conditions. 156 

Experiment One: We report on behavioral data collected from 17 mice derived from the Salk-157 

Cre mouse line (6 littermate controls with 1 male and 5 females; 8 cKOs with 6 males and 2 158 

females; and 3 dKOs with 1 male and 2 female mice). Animals were maintained under LD 12:12 159 

(100 lux:0 lux) for 106 days followed by 22 days in constant darkness (DD) followed by 61 days 160 

in constant light (LL; 100 lux). A cKO female animal died a few days before the termination of 161 

the study. None of these animals were used in electrophysiology experiments. 162 
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Experiment Two: This experiment utilized 12 mice derived from the Hopkins-Cre mouse line (6 163 

male littermate controls and 6 male cKOs). Animals were maintained under LD 12:12 (100 lux:0 164 

lux) for 84 days followed by 114 days in DD followed by 73 days in LD 12:12 (1000 lux:0 lux). At 165 

the completion of behavioral data collection, physiological recordings of SCN neurons in an in 166 

vitro slice preparation were made from 6 animals (5 littermate controls and 1 cKOs). 167 

Experiment Three: This experiment utilized 20 mice; 10 derived from the Salk-Cre mouse line 168 

and 10 derived from the Hopkins-Cre mouse line. Of the Salk-Cre animals, 3 were littermate 169 

controls (1 male and 2 females), 5 were cKOs (3 males and 2 females), and 2 were dKOs (1 male 170 

and 1 female). Of the Hopkins-Cre animals, there was 1 male littermate control and 9 were 171 

cKOs (4 males and 5 females). Animals were maintained under LD 12:12 throughout this 172 

experiment. Five animals were housed under 1000 lux:0 lux for 35 days followed by 100 lux:0 173 

lux for 22 days.  The other 15 animals were housed under 100 lux:0 lux for 37 days followed by 174 

1000 lux:0 lux for 40 days. At the completion of behavioral data collection, physiological 175 

recordings of SCN neurons in an in vitro slice preparation were made from 17 of these animals 176 

(5 controls, 10 cKOs, and 2 dKOs). In addition, recordings were made from adult wild-type mice 177 

(n=16; C57BL/6J, male, Jackson Labs, Bar Harbor, ME). 178 

Animal housing and brain slice preparation 179 

 Prior to in vitro brain slice recording, all male and female mice (6 months old and older) 180 

were maintained at 20 – 21 oC on a 12h:12h L:D cycle (light onset 06:00 am, Zeitgeber Time (ZT) 181 

00:00) in an environmental chamber (Percival Scientific, Perry, IA), with free access to food and 182 

water for a minimum of six weeks. The mice were deeply anesthetized with isoflurane (Hospira, 183 
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Inc, Lake Forest, IL) during the light phase, and brains were removed and submerged in ice-cold 184 

Krebs slicing solution consisting of (in mM): NaCl 82.7, KCl 2.4, CaCl2 0.5, MgCl2 6.8, NaH2PO4 185 

1.4, NaHCO3 23.8, dextrose 23.7, sucrose 60, saturated with 95% O2 and 5% CO2 (pH 7.3 - 7.4, 186 

308 - 310 mOsm). Coronal (200 - 250 μm) hypothalamic brain slices containing the SCN were 187 

cut with a vibrating-blade microtome (Leica VT 1000 S, Leica Biosystems GmbH, Nussloch, 188 

Germany). Slices were incubated in the slicing solution 1 – 1.5 h at 30 oC before 189 

electrophysiological recordings were initiated.  190 

Whole-cell patch clamp recording 191 

 Recordings were made at 28 oC using the whole-cell patch-clamp technique from 1.5 to 192 

8 h after slice preparation. The superfusion solution was warmed with a heater (Model SH-27B 193 

Inline Heater, Warner Instruments Corp., Hamden, CT) just before the solution entered the 194 

recording chamber. The bath temperature in the recording chamber was monitored 195 

continuously with a thermistor probe, which provided feedback to a dual automatic 196 

temperature controller (TC-344B, Warner Instruments Corp., Hamden, CT). The recording 197 

solution was (in mM): NaCl 132.5, KCl 2.5, NaH2PO4 1.2, CaCl2, 2.4, MgCl2 1.2, glucose 11, 198 

NaHCO3 22, saturated with 95% O2 and 5% CO2 (pH 7.3 - 7.4, 300 - 305 mOsm). Microelectrodes 199 

with resistances of 7 - 9 MΩ were pulled from borosilicate glass capillaries (World Precision 200 

Instruments, Inc., Sarasota, FL) and filled with a solution containing (in mM): CH3O3SCs 115, CsCl 201 

8, CaCl2 0.5, HEPES 10, EGTA 5, CsOH 13, MgATP 3, TrisGTP 0.3, QX-314 5 (pH 7.25, 278 mOsm). 202 

Lidocaine N-ethyl chloride (QX-314) was included in the patch pipette solution to block voltage-203 

dependent Na+ currents. Cs+ was used to block postsynaptic K+ channels including GABAB-204 
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activated K+ channels (Jiang et al., 1995). With applied internal solution the equilibrium 205 

potential for chloride was -60 mV, which substantially decreased or virtually eliminated GABAA 206 

receptor-mediated currents. Additionally, the external solution contained picrotoxin (50 μM) 207 

and CGP55845 (3 μM) to prevent activation of GABAA and GABAB receptors. To confirm 208 

glutamatergic RHT neurotransmission, the AMPA receptor antagonist CNQX (20 μM) was 209 

applied at the end of each recording. Individual SCN neurons were visualized with infrared 210 

illumination and differential interference contrast optics using a Leica DMLFS (Leica Biosystems 211 

GmbH, Nussloch, Germany) microscope with video camera and display (Sony, Tokyo, Japan). 212 

On-line data collection and analysis were performed using an EPC-7 patch-clamp amplifier 213 

(HEKA Electronik, Lambrecht/Pfalz, Germany), a Mac mini-computer and Patchmaster software 214 

(HEKA Electronik). The records were filtered at 3 kHz and digitized at 10 kHz. 215 

 To allow equilibration between the pipette solution and the cell cytoplasm, whole-cell 216 

voltage-clamp recording started ~10 min after rupturing the membrane. A small 217 

hyperpolarizing voltage step (-2 mV, 5 ms) was applied prior to optic chiasm stimulation to 218 

monitor the series resistance, which was not compensated. SCN neurons were voltage-clamped 219 

at -60 mV. During the recording the series resistance remained stable and the recordings with 220 

series resistance changes of less than 10% were included in the data analysis. Slow and fast 221 

capacitances were not compensated.  222 

 223 

Optic chiasm stimulation 224 
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 EPSCs were evoked by electrical stimulation of the optic chiasm with a Grass S88 225 

stimulator (Grass Medical Instruments, Quincy, MA) using a concentric bipolar tungsten 226 

electrode (outer pole diameter 0.125 μm; Cat# CBASC75, FHC, Bowdoinham, ME) connected to 227 

a stimulus isolation unit (model SIU5B, Grass Medical Instruments). The stimulating electrode 228 

was positioned in the middle of the optic chiasm as far from the SCN as possible. The stimulus 229 

pulse duration was 0.13 - 0.17 ms and stimulation intensity was set 1.5 - 2 times higher than 230 

that needed to evoke a threshold response. To evoke EPSCs a single stimulus or stimulus trains 231 

were applied. To determine the threshold stimulus needed to evoke the EPSC, and to study the 232 

dependence of the evoked EPSC (eEPSC) amplitude on the strength of applied stimulus, the 233 

voltages that were used to stimulate the optic chiasm were applied in the range of 3 - 30 V. 234 

EPSCs were also evoked by trains of 25 stimuli (square pulses) separated by 30 s intervals at 235 

frequencies 0.08, 0.5, 1, 2, 5, 10, and 25 Hz. Three stimulus trains were applied for each 236 

frequency/recorded neuron. The inclusion of ion channel blockers in the internal solution as 237 

well as voltage-clamping at -60 mV prevented the activation of voltage-dependent ionic 238 

currents in SCN neurons.  239 

Test Agent Application 240 

 All test agents were bath applied in ACSF containing the final concentration of the 241 

compounds. A complete change of the external solution took less than 30 sec at a flow rate of 242 

1.5 - 2 ml/min. Picrotoxin, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), and N-(2,6-243 

Dimethylphenylcarbamoylmethyl)triethylammonium chloride (QX-314) were purchased from 244 

Sigma (Sigma, St Louis, MO), and (2S)-3-[[(1S)-1-(3,4-Dichlorophenyl]amino-2-245 
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hydroxypropyl](phenylmethyl)phosphinic acid (CGP55845) was obtained from Tocris (Tocris 246 

Cookson Inc., Ellisville, MO). Appropriate stocks were made and diluted with ACSF just before 247 

application. To make stocks, CNQX and CGP55845 were dissolved in dimethyl sulfoxide (DMSO) 248 

(the final concentration of DMSO in ASCF was 0.01%), and picrotoxin was dissolved in ethanol 249 

(the final concentration of ethanol in ASCF was 0.1%). 250 

Statistical analysis 251 

 Stimulation of the optic chiasm at 0.08 Hz does not induce synaptic depression at RHT-252 

SCN synapses, and the eEPSC amplitude  is stable for long durations (Moldavan and Allen, 2010, 253 

2013). The  stimulus amplitude to activate an eEPSC, the maximal eEPSC amplitude, the series 254 

resistance and the following parameters of eEPSCs were analyzed: amplitude, time to the peak 255 

(a delay between the stimulus artifact and the peak of eEPSC), rise time (10-90% of amplitude), 256 

and decay time constant. There were twenty-five eEPSCs recorded from each neuron, and some 257 

slices had more than one neuron recorded and there were three mouse genotypes. Because of 258 

this data clustering and nesting, we analyzed the eEPSC data using Generalized Estimating 259 

Equation (GEE, gamma or Gaussian distribution, with exchangeable correlation structure and 260 

robust sandwich estimates of standard error) using the statistical program ‘R’ (version 1.6.1 261 

with Nonlinear and Linear Mixed Effects Models package version 3.1–3.6; obtained from 262 

http://cran.r-project.org; (R Core Team, 2017). A Kruskal-Wallis rank sum test was used to test 263 

the deviation of the eEPSC amplitudes. During application of long stimulus trains (0.5 – 25 Hz, 264 

25 stimuli in each train), synaptic depression caused the eEPSC amplitude to decrease to a 265 

steady-state (plateau). eEPSC amplitude was measured as the difference between the peak 266 
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eEPSC current and the baseline level before the stimulus artifact. In order to compare synaptic 267 

depression under different conditions and between recorded neurons the amplitude of each 268 

subsequent eEPSC (eEPSCn) during repetitive stimulation was normalized (in %) to the 269 

amplitude of the first eEPSC (eEPSC1) in the stimulus train: ratio eEPSCn/eEPSC1. To take into 270 

account the variability of the eEPSC amplitude the mean amplitude of the first eEPSC was 271 

calculated from 3 stimulus trains at each stimulus frequency for each neuron. The normalized 272 

amplitudes were averaged across all recorded neurons (n), presented as the mean  SEM and 273 

plotted against stimulus # in the train. Extra Sum of Squares F-test was used to compare the 274 

data sets recorded under different conditions. Two-Sample Assuming Unequal Variances two-275 

tailed t-Tests were used to compare the control and test data for each data set (for each 276 

stimulus frequency). A confidence level of 95% was used to determine statistical significance.  277 

 Igor Pro 5.03 (Wave Metrics, Inc., Lake Oswego, OR), KaleidaGraph TM 3.6 (Synergy 278 

Software, Reading, PA), Excel 11.6.6 (or 14.4.5) (Microsoft Co., Redmond, WA), FreeHand MX 279 

(Macromedia, Inc, San Francisco, CA) and R (http://cran.r-project.org) were used for curve fitting, 280 

data analysis and graphic presentation. The spontaneous EPSCs were analyzed using 281 

MiniAnalysis (Synaptosoft, Inc., Decatur, GA). 282 

Results 283 

Experiment One: Wheel-running behavior of Salk-Cre vGlut2 knock out mice 284 

 Wheel running behavior of 17 mice derived from the Salk-Cre mouse line (6 littermate 285 

controls, 8 cKOs and 3 dKOs) was examined under LD 12:12 (100 lux:0 lux; 106 days) followed 286 
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by DD (0 lux; 22 days) followed by LL (100 lux; 61 days) conditions. No gender differences were 287 

noted in the behavior of the animals. 288 

Littermate Controls (Opn4+/+; vGlut2loxP/loxP) 289 

 The 6 littermate control mice entrained to the LD cycle with activity onsets at or near 290 

light offset as expected (representative examples are provided in Figs. 1A, B).  Under DD 291 

conditions only 5 of the 6 animals had activity levels or activity onsets robust enough for 292 

analysis.  The free-running period (tau) in DD (τDD) ranged from 23.3 h to 24.1 h (23.70 ± 0.14 h, 293 

n=5, mean ± SEM).  Under LL 100 lux (LL100) conditions tau lengthened in all animals as 294 

expected; τLL was greater than τDD for each animal and ranged from 24.7 h to 25.8 h. The mean 295 

τLL was significantly greater than mean τDD for the controls (25.28 ± 0.17 h vs 23.70 ± 0.14 h, 296 

n=5; p<0.001) (Figs. 1A, B). In summary, SCN-mediated behavior was typical of mice with 297 

functioning ipRGCs and of mice with a mixed genetic background. 298 

cKOs (Opn4Cre/+; vGlut2loxP/loxP) 299 

 Entrainment under the LD 12:12 conditions was abnormal in 7 of the 8 cKO animals.  300 

Two cKO animals appeared to free-run under LD conditions (Figs. 1C, D). Two other cKO animals 301 

initially appeared to be free-running under the LD 12:12 conditions but were apparently very 302 

gradually entraining to the LD cycle (Figs. 1E, F).  These animals required 1-2 months before 303 

wheel-running onsets were somewhat ‘aligned’ to light offset. Activity onsets remained near 304 

light offset from that time forward but entrainment was unstable with activity onsets of one 305 

mouse gradually advancing to a phase angle of entrainment of between 1 and 2 h prior to light 306 

offset. The activity onsets of the other mouse slowly drifted away from light offset such that 307 
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when the LD cycle was terminated and animals entered DD conditions, activity onsets were 308 

initiated approximately one hour after light offset (Figs. 1 E, F). Three of the cKOs demonstrated 309 

activity onsets that drifted over time under LD conditions. One cKO animal had activity onsets 310 

that gradually advanced as time went on resulting in a positive 2 h phase angle of entrainment 311 

(Fig. 1G). Another cKO had very unstable and erratic behavior with a positive phase angle of 312 

entrainment (Fig. 1H). The other cKO had stable activity onsets that were initiated 313 

approximately 30 min after light offset but the activity onsets gradually drifted to 314 

approximately 2 h after light offset at the time animals went into DD (Fig. 1I). The last cKO in 315 

this group had relatively stable activity onsets initiated at light offset throughout the LD cycle 316 

portion of the experiment (Fig. 1J). 317 

 The cKO animals that showed some level of entrainment under LD conditions free-ran in 318 

DD with activity onsets initially aligned with the onsets in the prior LD cycle indicating there was 319 

no masking of activity onsets in the prior LD cycle. Activity levels permitted an estimate of the 320 

free-running period in DD for 7 cKO animals and τDD ranged from 23.3-24.2 h; the mean cKO τDD 321 

was not significantly different from the τDD of the controls (cKO, 23.83 ± 0.12 h, n=7 vs controls 322 

23.70 ± 0.14 h, n=5; p = 0.50). 323 

 Six cKOs had sufficient wheel-running activity to estimate the free-running period in LL. 324 

Of these six animals, τLL was slightly greater than τDD in two cases, unchanged in one case, and 325 

slightly decreased in three animals. Thus, for the cKOs as a group, the mean τLL was similar to 326 

the mean τDD (DD, 23.83 ± 0.12 h vs LL, 23.90 ± 0.11 h; p=0.668) and almost 1.5 h less than the 327 

mean τLL of controls (23.90 ± 0.11 vs 25.28 ± 0.17; p<0.0001). 328 
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 In summary, this small cohort of cKO animals demonstrated a wide range of ipRGC-329 

mediated responses to light. The circadian behavioral responses to light ranged from animals 330 

with virtually no response to light (i.e., free running behavior throughout all lighting conditions) 331 

to entrainment with abnormal phase angles to an animal with virtually normal entrainment. 332 

dKOs (Opn4Cre/Cre; vGlut2loxP/loxP) 333 

 Two of the 3 dKO animals appeared to free-run with a period of less than 24 h under all 334 

lighting conditions with a slight lengthening of tau (≈ 0.1 - 0.2 h) under LL conditions (Fig. 1K, L).  335 

The third dKO mouse also appeared to free-run under all conditions although activity onsets 336 

were more erratic and there appeared to be a gradual lengthening of tau over the course of the 337 

experiment (data not shown). The behavior of these animals lacking melanopsin and vGlut2 in 338 

ipRGCs suggested that there was very little behavioral response to light.  339 

Experiment Two: Wheel-running behavior of Hopkins-Cre vGlut2 cKO mice 340 

Wheel running behavior of 12 animals (6 littermate controls and 6 cKO) derived from 341 

the Hopkins-Cre mouse line was examined under LD 12:12 (100 lux:0 lux; 84 days) followed by 342 

DD (114 days) followed by LD (1000 lux:0 lux; 74 days) conditions. 343 

Littermate Controls (Opn4+/+; vGlut2loxP/loxP) 344 

 Of the littermate control animals, 5 entrained to the LD cycle with activity onsets at or 345 

near light offset as expected although there was a variable level of activity present during the 346 

light phase in most of the animals (Figs. 2A-D). One littermate control animal had diffuse and 347 

erratic wheel-running behavior and is not considered further. Under the prolonged DD 348 
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conditions 4 of the 5 remaining littermate control animals had activity that free-ran; one mouse 349 

stopped running in the wheel after a few weeks in DD and is not considered further.  The free-350 

running activity was stable for 2 of the animals during DD with periods of 24.2 h and 23.9 h 351 

(Figs. 2A, B) whereas the free-run became less stable over time for one mouse (τDD = 23.7 h, Fig. 352 

2C) while another animal began free-running in DD with a short period (τDD = 23.5 h, Fig. 2D) 353 

which changed over time to be become > 24 h by the termination of DD conditions. These four 354 

littermate control animals rapidly re-entrained to the brighter LD cycle (1000 lux:0 lux) with 355 

phase angles of entrainment similar to those under the original (100 lux:0 lux) LD cycle. The 356 

animals generally demonstrated less activity during the 1000 lux light phase compared to their 357 

activity levels during the dimmer 100 lux light phase.  358 

cKOs (Opn4Cre/+; vGlut2loxP/loxP) 359 

The 6 cKO animals demonstrated a range of aberrant behavior under the initial 12:12 360 

100 lux:0 lux LD cycle (Figs. 3A-F). One mouse had an extremely large positive phase angle of 361 

entrainment (≈12 h) with wheel running initiated around light onset. During the 84 days under 362 

LD 100 lux:0 lux onsets gradually advanced further with wheel-running onsets beginning during 363 

the end of the dark phase although onsets were quite variable (Fig. 3A).  Three mice also 364 

demonstrated a positive phase angle of entrainment of several hours (i.e., wheel-running was 365 

initiated during the light phase of the LD cycle) but due to the variability in the onsets a precise 366 

phase angle was not estimated (Figs. 3B-D). The remaining two mice never entrained to the 367 

initial LD 100 lux:0 lux, although it was clear that the LD cycle was impacting their behavior as 368 

evidenced when transferred to DD (Figs. 3E, F). All mice free-ran under DD conditions (Fig. 3A-369 
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F). When a bright 12L:12D cycle was re-initiated (1000 lux:0 lux) following 114 days in DD, all 370 

animals responded by shifting their wheel-running onsets towards light offset.  Four animals 371 

entrained to the bright LD cycle with a less positive phase angle compared to their entrainment 372 

under the dimmer LD cycle and in three cases onsets were initiated in the dark (Figs. 3A-D). The 373 

two animals that did not entrain to the initial LD cycle looked as if they might entrain to the 374 

bright LD cycle when the experiment was terminated following 74 days in LD 1000 lux:0 lux 375 

(Figs. 3E, F). 376 

 In summary, all six cKOs showed residual SCN-mediated responses to light and 377 

entrainment was generally improved under the brighter lighting conditions, suggesting that 378 

enduring circadian responses to light were facilitated by the increase in environmental 379 

luminance. 380 

Experiment Three: Wheel-running behavior of Salk-Cre and Hopkins-Cre vGlut2 KO mice 381 

  Wheel running behavior of 20 animals (10 derived from the Hopkins-Cre mouse line and 382 

10 derived from the Salk-Cre line) was examined. Five animals (4 Salk-Cre and 1 Hopkins-Cre) 383 

were housed under 1000 lux:0 lux for 35 days followed by 100 lux:0 lux for 22 days. The other 384 

15 animals (6 Salk-Cre and 9 Hopkins-Cre) were maintained under 100 lux:0 lux for 37 days 385 

followed by 1000 lux:0 lux for 40 days.  386 

Littermate Controls (Opn4+/+; vGlut2loxP/loxP) 387 

Four littermate control animals were studied: 3 Salk-Cre and 1 Hopkins-Cre.  All of the 388 

animals entrained to the initial 100 lux:0 lux LD cycle with onsets initiated at light offset as 389 
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expected; changing the illuminance level to 1000 lux during the light phase had very little 390 

impact on their wheel-running activity. A representative control animal is illustrated in Figure 391 

4A. 392 

cKOs (Opn4Cre/+; vGlut2loxP/loxP) 393 

Three cKO animals (2 Salk-Cre and 1 Hopkins-Cre) began the experiment in the 1000 394 

lux:0 lux LD cycle. These animals entrained with activity onsets at or very near light offset 395 

similar to control animals and as observed in the controls, changing illuminance levels for these 396 

3 animals from 1000 lux to 100 lux had little impact on their pattern of entrainment to the LD 397 

cycle as shown by a representative example in Figure 4B. The remaining 11 cKO animals (3 Salk-398 

Cre and 8 Hopkins-Cre) began the experiment under 100 lux:0 lux LD conditions. One of these 399 

animals demonstrated a normal pattern of entrainment with activity onsets initiated near light 400 

offset throughout both LD cycles (Fig. 4C).  Wheel-running activity was aberrant in the other 10 401 

mice. Several animals appeared to entrain to the LD cycle but with: 1) an altered phase angle 402 

under both lighting conditions (Fig. 4D); 2) clear entrainment only under the brighter LD cycle 403 

(Figs. 4E, F); and 3) a dramatic change in the phase angle of entrainment when the illuminance 404 

was changed from 100 lux to 1000 lux (Fig. 4G). Two cKOs did not entrain, although light did 405 

impact their wheel-running behavior, which is best described as an oscillatory free-run (Fig. 4H). 406 

In summary, the behavior of the cKOs in this experiment ranged from apparent normal 407 

entrainment to completely un-entrained and free-running but not completely unresponsive to 408 

light (i.e., oscillatory free-run).   409 

 410 
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dKOs (Opn4Cre/Cre; vGlut2loxP/loxP) 411 

 Two dKO animals (Salk-Cre) were examined in this experiment. First, in LD 1000 lux:0 lux 412 

and then in LD 100 lux:0 lux conditions. One mouse free-ran throughout the study with light 413 

having little impact on the wheel-running activity (Fig. 4I).  The other dKO mouse appeared to 414 

free-run initially under 1000 lux:0 lux conditions but then activity onsets stabilized under 100 415 

lux:0 lux conditions (Fig. 4J). 416 

RHT-evoked EPSCs in SCN neurons  417 

 After behavioral testing was completed in experiments 2 and 3, 23 of the 32 animals 418 

were used to examine RHT-SCN synaptic transmission. For these studies brain slices were 419 

prepared for in vitro recording of glutamate-mediated excitatory postsynaptic currents in SCN 420 

neurons. We hypothesized that glutamate release from RHT axonal terminals would be 421 

eliminated in the SCN of vGlut2 cKO mice, and thus the EPSC evoked by optic chiasm 422 

stimulation would be abolished and the sEPSC frequency would be greatly reduced.   423 

 First, we confirmed that the EPSCs evoked by optic chiasm stimulation were mediated 424 

by RHT glutamate release. All eEPSCs recorded in SCN neurons from WT animals and littermate 425 

controls were eliminated by bath application of the AMPA receptor antagonist CNQX (20 μM) 426 

indicating that EPSCs evoked by optic chiasm stimulation require activation of glutamatergic 427 

AMPA receptors (Figs. 5A and B). Stimulation of the optic chiasm also evoked EPSCs in vGlut2 428 

cKOs and dKOs and these EPSCs were also eliminated by application of CNQX (Figs. 5C and D). 429 

The finding that optic chiasm stimulation evoked glutamatergic EPSCs in vGlut2 KOs was 430 
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unexpected. We had anticipated that no glutamatergic eEPSCs would be observed following 431 

optic chiasm stimulation in animals in which vGlut2 expression had been eliminated in ipRGCs.  432 

 The observed RHT-mediated eEPSCs in vGlut2 cKO and dKO mice might have been the 433 

result of only a partial rather than a complete block of glutamate packaging into ipRGC synaptic 434 

vesicles. If this were the case, stronger stimuli might be required to evoke an EPSC. To address 435 

this possibility, we studied the stimulus strength required to evoke an EPSC in vGlut2 cKO mice. 436 

In this experiment the optic chiasm was stimulated with a single pulse and the stimulus 437 

intensity was gradually increased in 1 V steps from 3 to 30 V. The recordings from cKO mice (n = 438 

52 neurons) were compared with recordings from WT controls (n = 50 neurons). The 439 

distribution of stimulus voltages which evoked threshold EPSCs was similar for WT and cKO (p = 440 

0.310, GEE, Fig. 5E, Table 1). The thresholds also were similar for WT vs Controls and cKO vs 441 

Controls (p = 0.864 and p = 0.518, respectively, GEE, Table 1). These results indicate that 442 

glutamate filling of synaptic vesicles was not substantially altered in cKO mice. 443 

 Another potential explanation for the unexpected observation of optic chiasm 444 

stimulation-evoked EPSCs in SCN neurons of cKO mice might have been the result of a failure to 445 

eliminate glutamate packaging in all ipRGCs that innervate the SCN resulting in some ipRGCs 446 

transmitting signals normally. If only some ipRGCs afferent to the SCN were capable of releasing 447 

glutamate normally, then a stronger stimulus might be required to evoke a maximal response in 448 

SCN neurons. To explore this possibility, the relationship between the eEPSC amplitude and the 449 

stimulus strength was compared between SCN neurons in WT controls and cKOs animals (Fig. 450 

6). The SCN neuronal responses observed in both WT control and cKO animals were highly 451 

variable. Some recorded neurons showed gradually increasing eEPSC amplitudes with 452 
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increasing stimulus intensities whereas in other SCN neurons, the eEPSC amplitude rapidly 453 

reached the maximal level during increasing stimulation intensities (Figs. 6A, B). In these 454 

neurons the maximal eEPSC amplitude was observed when the stimulus strength exceeded 1.5-455 

2.0 times the threshold level. Linear mixed-effect models were used to analyze eEPSC 456 

amplitude (pA) as a function of stimulus (V). To account for non-linear behavior, stimulation 457 

(range: 3 - 30 V) was decomposed using restricted cubic splines (RCS) with seven knots. (Knot 458 

placement corresponded roughly to the 2.5, 18.3, 34.2, 0.50, 0.66, 0.82, and 97.5 th percentiles 459 

of stimulus.) Models treated individual an mouse as a random effect. Influence of genotype 460 

(WT vs cKO) was assessed through a test of the all RCS components interacting with genotype. 461 

There was no evidence to suggest eEPSC amplitude as a function of stimulus was modified by 462 

genotype [X2 (6df) = 2.66, p = 0.85; test of RCS:genotype interactions]. Further, there was no 463 

indication that genotype was associated with eEPSC amplitude [ X2 (7df) = 4.69, p = 0.70; 464 

composite geno+RCS:geno]. Figure 6A and 6B show results from each fitted model at the 465 

population level (averaged over all animal-specific random effects). Plotting symbols show the 466 

geometric mean amplitude at a given stimulation. Error bars are omitted as there is no unique 467 

or unambiguous way to define standard error when multiple sources of variation are present. 468 

 SCN neurons which were characterized by large maximal eEPSC amplitude were 469 

analyzed further and the parameters of these eEPSCs were compared between the four mouse 470 

genotypes: WT (mice/neurons; 16/19); littermate controls (9/20); cKOs (12/16); and dKOs (2/3). 471 

During the whole cell recordings, the series resistances (MΩ) were similar among the mouse 472 

genotypes: WT 36.3 (95% confidence interval: 31.9 – 41.4); littermate controls (Controls), 33.7 473 

(95% confidence interval: 29.8 – 38.0); and cKO 31.0 (confidence interval: 27.4 – 35.0); (GEE 474 
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analysis, p = 0.215). There were no significant differences in the eEPSC peak amplitude, time to 475 

peak, rise time, or decay time constant (see Table 1 for values and statistical analysis). The 476 

stimulus voltages needed to evoke the threshold eEPSC and the maximal amplitude EPSC were 477 

not significantly different between mouse groups (GEE analysis, p = 0.569 and p = 0.065, 478 

respectively, Table 1). Data for individual mice are presented in Fig. 7). The data for dKO mice 479 

were excluded from statistical analysis because of a small number of animals and recorded 480 

neurons. The recorded eEPSC parameters for the dKO mice (n = 3 cells) were in similar ranges 481 

for the maximal eEPSC amplitude (83.2 - 248.4 pA), time-to peak (3.60 – 4.96 ms), rise time 482 

(0.83 - 1.75 ms), and decay time constant (2.95 – 6.48 ms). This demonstrates that some ipRGCs 483 

in cKO animals remained capable of releasing synaptic vesicles loaded with glutamate onto SCN 484 

neurons. 485 

 We further hypothesized that the rate of synaptic vesicle replenishment with glutamate 486 

in RHT terminals might be altered during long repetitive stimulation of the optic chiasm, which 487 

can exhaust the synaptic vesicle replenishment and glutamate release in vGlut2 KO mice. We 488 

also expected that in vGlut2 KO mice synaptic vesicle replenishment might not compensate the 489 

synaptic vesicle depletion and, therefore, the steady-state eEPSC amplitude during short-term 490 

synaptic depression will be significantly lower than in WT control mice. To investigate this, the 491 

optic chiasm was stimulated with trains of stimuli, which induced synaptic depression 492 

(Moldavan et al., 2010, 2013). In the four mouse groups WT, littermate controls, cKO, and dKO, 493 

repetitive 0.08 Hz stimulation did not induce synaptic depression (Fig. 8A), which was observed 494 

only at higher stimulus frequencies: 0.5, 1, 5, 10 and 25 Hz (Figs. 8B-F). During application of 495 

subsequent stimuli in the train, there was a frequency-dependent decrease in the eEPSC 496 
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amplitude which reached a steady-state value and was not significantly different among the 497 

four mouse groups. 498 

 We hypothesized that vGlut2 knockout could increase the number of failures in 499 

glutamate release from RHT terminals. To evoke EPSCs the optic chiasm was stimulated at 0.08 500 

Hz with a stimulus strength 1.5-2.0 times the threshold. Under these experimental conditions 501 

the stimulation did not induce synaptic depression and faithfully evoked EPSCs without failures 502 

in mice in all genotype groups. Therefore, to check if the vGlut2 knockout affects the variability 503 

of the eEPSC amplitude, we measured the standard deviation (SD) of the eEPSC amplitude of 504 

each group of animals. Coefficient of dispersion (= Coefficient Variation, (CV)) for each group 505 

was estimated as a ratio of SD to the mean eEPSC amplitude (CV = SD/mean): WT (0.15), 506 

Controls (0.23), and cKO (0.21). Application of the Kruskal –Wallis rank sum test did not reveal 507 

significant differences between the groups (p = 0.101).  508 

 509 

Spontaneous EPSCs in cKO mice  510 

The amplitude, decay time constant (tau), charge transfer (pA*ms), and the frequency 511 

of sEPSCs were not different among the mouse groups (Table 2). The rise time significantly 512 

decreased in the littermate control mice compared with WT mice but were not different 513 

between cKO and Controls/WT (one–way ANOVA followed by Tukey HSD test, Fcrit = 3.18, F2, 51 = 514 

4.11, p < 0.02, Table 2, Table 2). The data range for dKO mice (n = 2 cells) were: sEPSC 515 

amplitude (15.2 - 26.4 pA), rise time (1.1 – 3.0 ms), decay time constant (3.2 – 3.7 ms), 516 

frequency (0.1 – 6.7 sEPSC/s), and area (charge transfer: 66.7 - 73.7 pA*ms). sEPSCs were 517 

mediated by AMPA receptors as they were blocked by CNQX (20 μM). 518 
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 519 

Discussion 520 

 Genetically modified mice have been critical to furthering our understanding of virtually 521 

every facet of biology including providing invaluable insights into the molecular regulation of 522 

sleep and circadian rhythms (Lowrey and Takahashi, 2011; Funato et al., 2016). However, the 523 

power of genetic mouse models is dependent upon physiological verification of the intended 524 

genetic modifications.  In the current study we generated two independent but similar strains 525 

of mice in which the glutamate transporter vGlut2 was selectively knocked out in ipRGCs using 526 

Cre-lox recombination with the aim of eliminating glutamatergic retinal input to the SCN. To 527 

evaluate functionally the effect of knocking out ipRGC glutamatergic innervation of the SCN, 528 

circadian behavior was examined under several lighting conditions in a series of experiments. It 529 

was anticipated that in these experiments any observed residual circadian behavioral responses 530 

to light could be attributed to the remaining RHT peptidergic input to the SCN (Hannibal, 2006; 531 

Tsuji et al., 2017). 532 

 To physiologically verify that the genetic modification strategy employed to eliminate 533 

RHT glutamatergic signaling was successful, electrophysiological recordings were made from 534 

SCN neurons in a hypothalamic slice preparation from animals whose circadian behavior had 535 

been evaluated. To our surprise, all vGlut2 cKO and dKO animals recorded retained RHT 536 

glutamatergic signaling. Although a slightly stronger stimulus was required to induce maximal 537 

amplitude EPSCs in cKO animals compared to controls, this difference (16.7 V vs 14.3 V) did not 538 

reach statistical significance (p = 0.065, Table1). Since RHT glutamatergic input was not 539 
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completely eliminated in ipRGC vGlut2 cKOs, circadian behavioral responses to light could not 540 

be assigned solely to ipRGC peptide neurotransmitters. 541 

 There are several potential explanations for the observed ipRGC glutamatergic input to 542 

the SCN in ipRGC vGlut2 cKO animals.  However, the simplest explanation is that Cre-543 

recombinase was not expressed (or insufficiently expressed) in at least some ipRGCs afferent to 544 

the SCN and consequently not all ipRGC glutamatergic transmission was eliminated when 545 

Opn4Cre mice were crossed with vGlut2loxP animals.  Indeed, Cre-recombinase was not 546 

expressed in all ipRGCs in the Hopkins Opn4Cre mouse line used herein and by several other 547 

laboratories to generate ipRGC vGlut2 cKOs (Delwig et al., 2013; Purrier et al., 2014; Gompf et 548 

al., 2015; Keenan et al., 2016) or other conditional knock outs (Chew et al., 2017). Based on 549 

melanopsin immunostaining, it was indicated that “the majority of melanopsin-immunoreactive 550 

cells expressed the reporter proteins” in which Cre-mediated recombination activated the 551 

expression of EGFP (Ecker et al., 2010). No further quantification was provided. In the other 552 

Opn4Cre mouse line we used to generate ipRGC vGlut2 cKOs (Salk-Cre mouse line), Hatori and 553 

co-workers indicated that a “small number of RGCs stained positive for melanopsin, but showed 554 

no detectable level of EGFP fluorescence” (Hatori et al., 2008), qualitatively similar to the 555 

Hopkins-Cre mouse line.  It was offered that the disparity between EGFP expression and 556 

melanopsin immunostaining might represent ipRGCs with insufficient Cre expression, Cre 557 

activity or EGFP level. It would appear based upon our observations that at least a small but 558 

functionally significant fraction of melanopsin-expressing ipRGCs afferent to the SCN do not 559 

express or insufficiently express Cre-recombinase in the two Opn4Cre mouse lines evaluated in 560 

this study. Thus, the ipRGCs lacking Cre-recombinase expression continue to use vGlut2 to load 561 
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glutamate into synaptic vesicles and provide light-evoked glutamatergic input to the SCN. There 562 

is no doubt that the evoked EPSCs observed in the SCN in this study were glutamatergic since all 563 

evoked responses were completely blocked by the application of CNQX, a potent and selective 564 

AMPA/kainite receptor antagonist. Using a similar recombination approach, when vGlut2 is 565 

knocked out in vGlut2-expressing neurons, glutamatergic synaptic transmission is eliminated 566 

(Hnasko et al., 2010; Koch et al., 2011). These findings are consistent with our interpretation 567 

that vGlut2 expression was not eliminated in all ipRGCs afferent to the SCN.  It is not known 568 

why vGlut2 expression was retained in some ipRGCs, but the vagaries of conditional gene 569 

targeting are well documented (Schmidt-Supprian and Rajewsky, 2007). 570 

 If only a small number of ipRGCs in the cKOs maintained glutamatergic input to the SCN, 571 

then in the majority of ipRGCs vGlut2-mediated glutamatergic transmission was eliminated as 572 

anticipated.  This interpretation is supported by the previously reported loss of vGlut2 573 

expression in melanopsin-expressing RGCs in cKO animals although the extent of the loss of 574 

vGlut2 expression in these studies was not quantifiable due to technical limitations (Delwig et 575 

al., 2013; Purrier et al., 2014). Additional support for a large reduction in RHT glutamatergic 576 

input to the SCN in vGlut2 cKO animals was the observed altered circadian behavioral 577 

responses to light (current study; Purrier et al., 2014; Gompf et al., 2015). However, the extent 578 

to which cKO animals showed abnormal behavioral responses to light was highly variable in this 579 

study and in others (Delwig et al., 2013; Purrier et al., 2014; Gompf et al., 2015 ) and 580 

entrainment was light intensity related. For example, in our study and in the report of Gompf 581 

and colleagues (2015) , some cKO animals showed very little response to light essentially free-582 
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running throughout the different lighting conditions (Figs. 1C and 4H) whereas other cKO 583 

animals showed relatively normal entrainment (Figs. 1J and 4B) (Gompf et al., 2015). 584 

 The varying responses of ipRGC vGlut2 cKO animals to light may reflect differences 585 

among animals in: 1) the total number of ipRGCs that continued to transmit glutamatergic 586 

signals to the SCN; 2) the specific subtype of ipRGC (M1 or M2; Baver et al. 2008) that 587 

continued transmitting glutamatergic signals to the SCN; and/or 3) the specific region of the 588 

SCN that the glutamatergic transmitting ipRGCs targeted (Fernandez et al. 2016).  There is some 589 

information regarding the number of ipRGCs needed to mediate photoentrainment. When 590 

more than 90-95% of ipRGCs are ablated, which results in only very few retinal afferents to the 591 

SCN, mice no longer entrain to a 12L (150 lux):12D (0 lux) cycle (Hatori et al. 2008). Entrainment 592 

can be improved or restored to ipRGC vGlut2 cKO (presumably with only a small number of 593 

glutamatergic transmitting ipRGCs) under bright light conditions (1000 lux, current study; 2000 594 

lux, Gompf et al., 2015) albeit with an abnormal phase angle.   595 

 We hypothesized that knocking out Vglut2 in ipRGCs would eliminate glutamatergic 596 

neurotransmission in the RHT by preventing glutamate from being loaded into synaptic vesicles. 597 

If our hypothesis were correct we then predicted that stimulation of the optic chiasm would not 598 

evoke the EPSCs typically observed in SCN neurons (Kim and Dudek, 1991; Jiang et al., 1997; 599 

Moldavan et al., 2006; Moldavan and Allen, 2010; 2013). However stimulation of the optic 600 

chiasm did evoke glutamatergic EPSPs and several parameters of the eEPSCs (the peak 601 

amplitude, the time-to-peak, and the rise time) were similar among all mice. Stimulus voltages 602 

applied to evoke the threshold eEPSC and the maximal amplitude EPSC were not significantly 603 
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different between mouse groups. No failure of eEPSC at applied stimulus conditions were 604 

observed in any mouse , and no significant changes of eEPSC amplitude deviation were 605 

observed between  cKO mice  controls. Also, a slightly stronger stimulation of the optic chiasm 606 

was needed to evoke a maximal amplitude EPSC in vGlut2 cKO animals compared to  control 607 

mice (p = 0.065) suggesting  slightly altered evoked glutamate release in cKO animals. Thus, 608 

during application of single stimuli, the synaptic vesicles in the RHT axonal terminals of cKO 609 

mice apparently contained sufficient glutamate to maintain synaptic transmission but the 610 

number of vesicles being released was reduced in cKO animals.  611 

 Although it appears that the residual RHT glutamatergic neurotransmission we observed in 612 

vGlut2 cKO animals in the current study was the result of some ipRGCs retaining the ability to load 613 

glutamate into synaptic vesicles using vGlut2, there are other possibilities that deserve mentioning. In 614 

the absence of vGlut2 the possibility exists that vGlut1 and/or vGlut3 were upregulated allowing 615 

glutamate to be loaded into synaptic vesicles in at least some ipRGCs resulting in the glutamatergic 616 

responses we observed following stimulation of the optic chiasm. Purrier et al., (2014) addressed the 617 

question of compensatory expression of vGlut1 and vGlut3 in ipRGCs and found no evidence to support 618 

this possibility. However, vGlut expression in RGC somas is not robust and if up regulation occurred in 619 

only a small number of ipRGCs afferent to the SCN this would have been very difficult to detect. Because 620 

of the low expression levels in the somas of RGCs, vGlut2 in ipRGC axon terminals in the SCN has also 621 

been examined with a small decrease detected in cKO mice (Delwig et al., 2013). Other glutamatergic 622 

inputs to the SCN (Pickard, 1982) make it difficult to assess either a decrease in vGlut2 in ipRGCs axon 623 

terminals in the SCN or potential compensatory expression of other glutamate transporters especially if 624 

this occurs in only some ipRGCs. Another possibility is that conventional RGCs that do not typically 625 

innervate the SCN send axonal branches into the SCN of vGlut2 cKO animals. This possibility was also 626 
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addressed by Purrier et al., (2014) and the RHT innervation of the SCN appeared normal, although a 627 

small number of RGCs aberrantly innervating the SCN would also be very difficult to detect. It is 628 

important to emphasize that in either the case of compensatory ipRGCs expression of vGlut1 and/or 629 

vGlut3 or aberrant RGC projections to the SCN in vGlut2 cKO animals, the conclusion of our study, that 630 

residual SCN-mediated behavioral responses to light cannot be solely attributed to RHT PACAP afferents 631 

to the SCN, would not change. 632 

 In both WT control and cKO mice there were broadly two types of response in SCN 633 

neurons to increased stimulation voltage: some neurons showed a gradual increase in eEPSC 634 

amplitude whereas other showed a rapid increase to maximal amplitude with only a 1.5-2.0 635 

times increase in stimulation strength over threshold. It would appear that different 636 

populations of SCN neurons integrate RHT input differently. This observation is interesting since 637 

it was recently reported that the spike output of M1 ipRGCs afferent to the SCN also breaks 638 

down into two types: those that show a monotonic increase in firing with increasing irradiance 639 

and those that showed an increase in firing rate with a subsequent sharp drop in firing rate as 640 

irradiance increased (Milner and Do, 2017). It will be interesting to determine how M1 ipRGCs 641 

with different irradiance-firing relations are integrated in the SCN and how different SCN 642 

neurons integrate this input. 643 

Taken together, our recordings of evoked and spontaneous EPSCs indicate that 644 

significant glutamatergic neurotransmission remains in RHT afferent fibers innervating the SCN 645 

of the cKO mice and that the knockout model resulted in only subtle changes in the rate of 646 

vesicular replenishment with glutamate even at high stimulation frequencies. These results are 647 

consistent with the behavioral data observed in this study and other studies using the ipRGC 648 

vGlut2 cKO mouse. Unfortunately, the residual RHT glutamatergic transmission in the cKO 649 
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mouse model limits the usefulness of this model for examining the role of RHT peptidergic 650 

afferents to the SCN. 651 

 652 

 653 

References  654 

Baver SB, Pickard GE, Sollars PJ, Pickard GE (2008) Two types of melanopsin retinal ganglion 655 

cell differentially innervate the hypothalamic suprachiasmatic nucleus and the olivary pretectal 656 

nucleus. Eur J Neurosci 27:1763-1770. 657 

Berson DM, Dunn FA, Takao M (2002) Phototransduction by retinal ganglion cells that set the 658 

circadian clock. Science 295:1070-1073. 659 

Chew KS, Renna JM, McNeill DS, Fernandez DC, Keenan WT, Thomsen MB, Ecker JL, Loevinsohn 660 

GS, VanDunk C, Vicarel DC, Tuffard A, Weng S, Gray PA, Cayouette M, Herzog ED, Zhao H, 661 

Berson DM, Hattar S (2017) A subset of ipRGCs regulate both maturation of the circadian clock 662 

and segregation of retinogeniculate projections in mice. eLife 6:e22861. 663 

Dhande OS, Stafford BK, Lim JA, Huberman AD (2015) Contributions of retinal ganglion cells to 664 

subcortical visual processing and behaviors. Annu Rev Vis Sci 1:291-328. 665 

Delwig A, Majumdar S, Ahern K, LaVail MM, Edwards R, Hnasko TS, Copenhagen DR (2013) 666 

Glutamatergic neurotransmission from melanopsin retinal ganglion cells is required for 667 

neonatal photoaversion but not adult pupillary light reflex. PLoS One 8:e83974. 668 

Ecker JL, Dumitrescu ON, Wong KY, Alam NM, Chen S-K, LeGates T, Renna JM, Prusky GT, 669 

Berson DM, Hattar S (2010) Melanopsin-expressing retinal ganglion-cell photoreceptors: 670 

cellular diversity and role in pattern vision. Neuron 67:49-60. 671 

Engelund A, Fahrenkrug J, Harrison A, Hannibal J (2010) Vesicular glutamate transporter 2 672 

(VGLUT2) is co-stored with PACAP in projections from the rat melanopsin-containing retinal 673 

ganglion cells. Cell Tiss Res 340:243-255. 674 



 

33 
 

Estevez ME, Fogerson PM, Ilardi MC, Borghuis BG, Chan E, Weng S, Auferkorte ON, Demb JB, 675 

Berson DM (2012) Form and function of the M4 cell, an intrinsically photosensitive retinal 676 

ganglion cell type contributing to geniculocortical vision. J Neurosci 32:13608-13620. 677 

Fernandez DC, Chang YT, Hattar S, Chen SK (2016) Architecture of retinal projections to the 678 

central circadian pacemaker. Proc Natl Acad Sci 113:6047-6052. 679 

Funato et al. (2016) Forward-genetics analysis of sleep in randomly mutagenized mice. Nature 680 

539:378-383. 681 

Fyk-Kolodziej B, Dzhagaryan A, Qin P, Pourcho RG (2004) Immunocytochemical localization of 682 

three vesicular glutamate transporters in the cat retina. J Comp Neurol 475:518-530. 683 

Gompf HS, Fuller PM, Hattar S, Saper CB, Lu J (2015) Impaired circadian photosensitivity in mice 684 

lacking glutamate transmission from retinal melanopsin cells. J Biol Rhythms 30:35-41. 685 

Hannibal J (2006) Roles of PACAP-containing retinal ganglion cells in circadian timing. Int Rev 686 

Cytol 251:1-39. 687 

Hartwick ATE, Bramley JR, Yu J, Stevens KT, Allen CN, Baldridge WH, Sollars PJ, Pickard GE 688 

(2007) Light-evoked calcium responses of isolated melanopsin-expressing retinal ganglion cells. 689 

J Neurosci 27:13468-13480 690 

Hatori M, Le H, Vollmers C, Keding SR, Tanaka N, Schmedt C, Jegla T, Panda S (2008) Inducible 691 

ablation of melanopsin-expressing retinal ganglion cells reveals their central role in non-image 692 

forming visual responses. PLoS One 6:e2451. 693 

Hattar S, Liao H-W, Takao M, Berson DM, Yau K-W (2002) Melanopsin-containing retinal 694 

ganglion cells: architecture, projections, and intrinsic photosensitivity. Science 295:1065-1070. 695 

Hnasko TS, Chuhma N, Zhang H, Goh GY, Sulzer D, Palmiter RD, Rayport S, Edwards RH (2010) 696 

Vesicular glutamate transport promotes dopamine storage and glutamate corelease in vivo. 697 

Neuron 65:643-656.Jiang ZG, Nelson CS, Allen CN (1995) Melatonin activates an outward 698 

current and inhibits Ih in rat suprachiasmatic nucleus neurons. Brain Res 687:125-132. 699 



 

34 
 

Jiang ZG, Yang Y, Liu ZP, Allen CN (1997) Membrane properties and synaptic inputs of 700 

suprachiasmatic nucleus neurons in rat brain slices. J Physiol 499:141-59. 701 

Johnson J, Fremeau RT, Duncan JL, Rentería RC, Yang H, Hua Z, Liu X, LaVail MM, Edwards RH, 702 

Copenhagen DR (2007) Vesicular glutamate transporter 1 is required for photoreceptor synaptic 703 

signaling but not for intrinsic visual functions. J Neurosci 27:7245-7255. 704 

Keenan WT, Rupp AC, Ross RA, Somasundaram P, Hiriyanna S, Wu Z, Badea TC, Robinson PR, 705 

Lowell BB, Hattar SS (2016) A visual circuit uses complementary mechanisms to support 706 

transient and sustained pupil constriction. eLife 5:e15392. 707 

Kim J, Alger BE (2011) Random response fluctuations lead to spurious paired-pulse facilitation. J 708 

Neurosci 21:9608-18. 709 

Kim YI, Dudek FE (1991) Intracellular electrophysiological study of suprachiasmatic nucleus 710 

neurons in rodents: excitatory synaptic mechanisms. J Physiol 444:269-87. 711 

Kiss J, Csáki A, Csaba Z, Halász B (2008) Synaptic contacts of vesicular glutamate transporter 2 712 

fibres on chemically identified neurons of the hypothalamic suprachiasmatic nucleus of the rat. 713 

Eur J Neurosci 28:1760-1774. 714 

Koch SM, Dela Cruz CG, Hnasko TS, Edwards RH, Huberman AD, Ullian EM (2011) Pathway-715 

specific genetic attenuation of glutamate release alters select features of competition-based 716 

visual circuit refinement. Neuron 71:235-242. 717 

Lowrey PL, Takahashi JS (2011) Genetics of circadian rhythms in mammalian model organisms. 718 

Adv Genet 74:175-230. 719 

Milner ES, Do MTH (2017) A population representation of absolute light intensity in the 720 

mammalian retina. Cell 171:865-876. 721 

Moldavan MG, Irwin RP and Allen CN (2006) Presynaptic GABAB receptors regulate 722 

retinohypothalamic tract synaptic transmission by inhibiting voltage-gated Ca2+ channels.  J 723 

Neurophysiol 95:3727-41. 724 



 

35 
 

Moldavan MG, Allen CN (2010) Retinohypothalamic tract synapses in the rat suprachiasmatic 725 

nucleus demonstrate short-term synaptic plasticity. J Neurophysiol 103:2390-2399. 726 

Moldavan MG, Allen CN (2013) GABAB receptor-mediated frequency-dependent and circadian 727 

changes in synaptic plasticity modulate retinal input to the suprachiasmatic nucleus. J Physiol 728 

591:2475-90. 729 

Morin LP, Studholme KM (2014) Retinofugal projections in the mouse. J Comp Neurol 522:3733-730 

3753. 731 

Pickard, GE (1982) The afferent connections of the suprachiasmatic nucleus of the golden 732 

hamster with emphasis on the retinohypothalamic projection. J Comp Neurol 211:65-83. 733 

Purrier N, Engeland WC, Kofuji P (2014) Mice deficient of glutamatergic signaling from 734 

intrinsically photosensitive retinal ganglion cells exhibit abnormal circadian 735 

photoentrainmentPLoS One 9:e111449. 736 

R Core Team (2017). R: A language and environment for statistical computing. R Foundation for 737 

Statistical Computing, Vienna, Austria. URL https://www.R-project.org/. 738 

Schmidt-Supprian M, Rajewsky K (2007) Vagaries of conditional gene targeting. Nat Immunol 739 

8:665-668. 740 

Sollars PJ, Pickard GE (2015) The neurobiology of circadian rhythms. Psychiatr Clin North Am 741 

38:645-665. 742 

Stella SL, Li S, Sabatini A, Vila A, Brecha NC (2008) Comparison of the ontogeny of the vesicular 743 

glutamate transporter 3 (VGLUT3) with VGLUT1 and VGLUT2 in the rat retina. Brain Res 744 

1215:20-29. 745 

Tsuji T, Allchorne AJ, Zhang M, Tsuji C, Tobin VA, Pineda R, Raftogianni A, Stern JE, Grinevich V, 746 

Leng G, Ludwig M (2017) Vasopressin casts light on the suprachiasmatic nucleus. J Physiol 747 

595:3497-3514. 748 

 749 



 

36 
 

Conflict of Interests 750 

The authors declare that there are no conflicts of interests regarding the publication of this 751 

manuscript. 752 

Figure Legends 753 

Figure 1. Wheel-running behavior of Salk-Cre mice. Wheel-running activity records (double-754 

plotted) of Control (Opn4+/+; Vglut2loxP/loxP) (A and B), cKO (Opn4Cre/+; Vglut2loxP/loxP) (C-J), and 755 

dKO (Opn4Cre/Cre; Vglut2loxP/loxP) (K and L) mice generated from the Salk-Cre line maintained 756 

under L12:D12 (100 lux:0 lux) for 106 days followed by DD for 22 days and LL (100 lux) for 61 757 

days. 758 

Figure 2. Wheel-running behavior of Hopkins-Cre mice. 759 

Wheel-running activity records (double-plotted) of representative Control mice (Opn4+/+; 760 

Vglut2loxP/loxP) (A-D) generated from the Hopkin-Cre line maintained under L12:D12 (100 lux:0 761 

lux) for 84 days followed by DD for 114days and then L12:D12 (1000 lux:0 lux) for 73 days. 762 

Figure 3. Wheel-running behavior of Hopkins-Cre mice. 763 

Wheel-running activity records (double-plotted) of cKO mice (Opn4Cre/+; Vglut2loxP/loxP) (A-F) 764 

generated from the Hopkins-Cre line maintained under L12:D12 (100 lux:0 lux) for 84 days 765 

followed by DD for 114days and then L12:D12 (1000 lux:0 lux) for 73 days. 766 

Figure 4. Wheel-running behavior of Salk-Cre and Hopkins-Cre mice.  767 

Wheel-running activity records (double-plotted) of Control (Opn4+/+; Vglut2loxP/loxP) (A), cKO 768 

(Opn4Cre/+; Vglut2loxP/loxP) (B-H) and dKO (Opn4Cre/Cre; Vglut2loxP/loxP) (I-J) mice maintained under 769 

L12:D12 conditions. Animals shown in panels (A) and (C-H) were maintained initially under 100 770 

lux:0 lux for 37 days followed by 1000 lux:0 lux for 40 days. Animals shown in panels (B) and (I-J) 771 

were maintained initially under 1000 lux:0 lux for 35 days followed 100 lux:0 lux for 22 days. 772 

Figure 5. Evoked and spontaneous excitatory postsynaptic currents in SCN neurons. 773 
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Voltage-clamp recordings of eEPSCs in SCN neurons of (A) Wild type (WT); (B) Control (Opn4+/+; 774 

Vglut2loxP/loxP); (C) cKO (Opn4Cre/+; Vglut2loxP/loxP); and (D) dKO (Opn4Cre/Cre; Vglut2loxP/loxP) mice. 775 

EPSCs (membrane potential clamped at -60 mV) were evoked by stimulation of the optic chiasm 776 

in the absence of CNQX (left recording in A-D) and in the presence of AMPA/kainate antagonist 777 

CNQX (20 μM, right recording in A-D). Each recording in (A-D) shows a test current followed by 778 

a stimulus artifact and the eEPSC. sEPSC are shown in the recordings on the right. The 779 

corresponding actograms for each of the mice (B-C) are shown in Figures 4B (B), 4G (C), and 4I 780 

(D). (E) A histogram showing the distribution of the stimulation voltage required to evoke the 781 

threshold EPSC in WT (n = 50 neurons, black bars) and cKO mice (n = 52, gray bars); there was 782 

no significant difference between the two groups. 783 

Figure 6. The relationship between eEPSC amplitude and stimulus strength in WT and cKO 784 

SCN neurons.  785 

Dependence of eEPSC amplitude (pA) on the strength of stimulus (V) applied to the optic 786 

chiasm in WT and Opn4Cre/+ mice (A-F). (A, C, and E). WT (n = 35 SCN neurons). (B, D, and F) cKO 787 

(Opn4Cre/+; Vglut2loxP/loxP) (n = 41 SCN neurons). (A and B) Each line on the graph represents 788 

voltage-dependent changes of eEPSC for an individual neuron. (C and D) Scatter histograms 789 

showing the distribution of EPSC amplitudes evoked by stimulation. (E and F) The results of each 790 

fitted linear mixed-effect model (lines) were used to analyze the eEPSC amplitude (pA) model at the 791 

population level (averaged over all animal-specific random effects) for the WT and Opn4Cre/+ mice (E, 792 

F). The plotting symbols show the geometric mean amplitude at each stimulation amplitude. Error bars 793 

are omitted as there is no unique or unambiguous way to define standard error when multiple sources 794 

of variation are present. 795 

Figure 7. Plots showing all the data points for each of the eEPCS parameters analyzed.  796 

The small black circles are the individual data points, the horizontal lines indicate the 25th 797 

quartile, the median, and the 75th quartile. The large black circles indicate data points lying 798 

outside 1.5 times the interquartile range. The whiskers indicate the upper and lower values.  799 

Figure 8. Short-term synaptic depression in SCN neurons during stimulus train application.  800 
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Stimulation of the optic chiasm with trains of 25 stimuli at 0.08-25 Hz frequencies (A-F). The 801 

amplitude of each subsequent eEPSC in the train was normalized to the amplitude of the first 802 

eEPSC: eEPSCn/eEPSC1. Frequency-dependence changes of eEPSC amplitude in WT (n =18 803 

neurons), Control (Opn4+/+; Vglut2loxP/loxP) (n = 16 neurons), cKO (Opn4Cre/+; Vglut2loxP/loxP) (n = 8 804 

neurons), and dKO (Opn4Cre/ Cre; Vglut2loxP/loxP) (n = 2 neurons) mice during stimulation with 805 

frequencies ranging from 0.08 to 25 Hz. 806 

 807 

 808 
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Table 1. Parameters of evoked EPSCs 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 

 

Table 1 Legend. 

WT= wild type controls; Controls= littermate controls; cKO= Opn4Cre/+; Vglut2loxP/loxP.  

LL and UL CI – lower and upper limits of Confidence Interval. GEE (Generalized estimating 

equation, gamma or Gaussian model) 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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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) 

pAms 
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 
F2, 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 

 

Legend to the Table 2. 

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., Decatur, GA) was used for acquisition and analysis of 

spontaneous EPSCs parameters. 

 

 


