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Abstract

Retinal ganglion cells (GCs) are important visual neurons which carry complex spatiotemporal
information from the retina to higher visual centers in the brain. By taking advantage of pathway-
specific knockout/mutant mice and multi-electrode array (MEA) recording techniques, we analyze
contributions of rod and cone pathways to responsiveness, kinetics and receptive field profiles of
GCs under scotopic and photopic conditions. Our data suggest: (1) Scotopic responses of some
GCs require all three rod pathways, some require only the secondary and tertiary rod pathways,
and others require only the tertiary rod pathway. (2) There are more responsive GCs in photopic
conditions than responsive GCs in scotopic conditions. (3) Gap junctions slow down GCs’
scotopic light responses and increase GCs’ ratio of antagonistic to center inputs. (4) Cone
pathways do not affect the kinetics but alter the ratio of antagonistic to center inputs of scotopic
GC responses, and they speed up GCs photopic responses and alter the ratio of GCs’ antagonistic
to center synaptic inputs and receptive field profiles. (5) Rod bipolar cells shorten response latency
of ON GCs and increase the ratio of GCs’ antagonistic to center synaptic inputs. (6) Light
adaptation speeds up GCs’ temporal processing and tunes GC photopic responses to higher
frequencies, and the tertiary rod pathway plays a significant role in adaptation-induced TTP
changes in some GCs. (7) GC RF center sizes are partially mediated by AIIACs and GC-GC
coupling. (8) Connexin36 gap junctions and cone pathways alter synaptic circuits underlying
antagonistic surround inputs to GCs in photopic conditions.
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Introduction

Ganglion cells (GCs) are the output neurons of the retina, and mammalian GCs can be
classified into over 20 morphological types [1-3]. Rod and cone inputs to these GCs are
mediated by 10 types of bipolar cells (BCs) and over 30 types of amacrine cells (ACs).
While conventional wisdom has it that mammalian rods and cones make segregated contacts
with respective rod and cone BCs [4,5], we and others have found that a subpopulation of
rod bipolar cells receive direct synaptic inputs from cones and likewise subpopulations of
cone bipolar cells get direct synaptic inputs from rods [6-9]. These novel wiring schemes
and the diversity of retinal neurons warrant detailed investigations to reveal how specific rod
and cone signaling pathways are used to relay visual information through the retina.
Factoring in the fact that rods and cones, as well some ACs, BCs and some GCs are
electrically coupled through gap junctions [10-13], Figure 1 summarizes the current
knowledge of rod and cone synaptic pathways that feed into ON and OFF GCs in
mammalian retinas. One exclusive feature of the mammalian retina is that its rod BCs lack
direct synapses onto GCs but onto All amacrine cells (AlIACs) instead, which make
electrical synapses with ON cone BCs [14,15], that send signals to ON GCs; and inhibitory
glycinergic synapses on OFF BCs and OFF GCs [16-18]. These synaptic circuits have been
named the primary rod pathway (pathway 1 in Figure 1A). Rod signals can also be
transmitted to GCs via rod-cone gap junctions, subsequently to ON and OFF cone BCs, then
to ON and OFF GCs in the so-called secondary rod pathway [10,11,19] (pathway 2 in Figure
1A). We and others described the fertiary rod pathway in which rod signals are transmitted
to ON and OFF cone BCs by direct chemical synapses [6-9]. The primary cone pathway is
defined as direct chemical synapses from cones to cone BCs and to GCs (pathway 1’ in
Figure 1B), and the secondary cone pathway is the cone-to-rod gap junction-mediated
signaling circuits (pathway 2’ Figure 1B). As a reverse of the rod tertiary pathway, cones
make direct synapses onto a subpopulation of rod BCs, which send signals to the AIIAC
circuits [6] (zertiary cone pathway 3’ in Figure 1B). It has been shown that subpopulations of
mammalian GCs are electrically coupled, and connexin36 is found to mediate some GC-GC
coupling (pathway 4 in Figure 1) [20].

In this study, we examined how these rod and cone pathways affect the spatiotemporal
response profiles of various types of GCs by taking advantage of pathway-specific knockout/
mutant mouse lines: 7ra™'~ (aka Gnatl-/-, lacking rod signals) [21], Gnat2*3 (lacking
cone signals) [22], Cx367~ (lacking rod-cone coupling and AIIAC coupling) [10,14], and
BhiIhb4'= (lacking rod-bipolar cells) [23]. Rod and cone signaling pathways suppressed in
each of the four mutant mice are marked by “X” of four colors in Figure 1. We analyzed the
GCs’ responsiveness, spike response Kinetics, and center and surround receptive field
profiles under scotopic (rod mediated) and photopic (cone-mediated) conditions in these
mouse lines, by using the multi-electrode array (MEA) recording technique in conjunction
with white-noise checkerboard stimulation and spike triggered average methods [24,25]. By
comparing response parameters obtained from each mutant mouse line with the
corresponding parameters obtained in the wildtype mice, we are able to determine the
contribution of various rod and cone pathways to the spatiotemporal response profiles of ON
and OFF GCs.
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2. Materials and Methods:

2.1. Preparations and multielectrode array (MEA) recording

The wildtype mouse used was C57Black6J from Jackson laboratory (Bar Harbor, Maine).
Generation of mutants has been described in previous publications [10,21-23], and the 7ra
~I-, Gnat2P'3, Cx36-I- and Bhlhb4-I- mice have been bred and used in our laboratory for
8-13 years [6,7,14,19]. All animals were handled in accordance with Baylor College of
Medicine’s policies on the treatment of laboratory animals and conform to the ARVO
Statement on the Use of Animals in Ophthalmic and Vision Research and the NIH guide for
the Use of Laboratory Animals. Mice were dark-adapted for 1-2 hours prior to the
experiment, and dissection procedures have been described in previous publications [16,24—
26]. In brief, eyes were removed under infrared illumination using night vision scopes
(Nitemare, BE Meyers, Oregon) and whole-mount retinas were placed onto a multielectrode
array, ganglion cell side down. Recordings were made primarily from central retina. The
multielectrode array (MEA-60, Multichannel Systems, Tubingen Germany) had 60
electrodes spaced 100 um apart, each with a diameter of 10 um. Ganglion cell action
potentials were recorded at 20 KHz and pre-filtered with a 0.1 Hz high-pass hardware filter.

2.2. Solutions

The retina was kept at 35.6° C and perfused with carboxygenated (95% O,, 5% CO5,)
recording solution (in mM: NaCl, 124; KCl, 2.5; CaCl,, 2; MgCly, 2; NaH,POy, 1.25;
NaHCOs3, 26; and glucose, 22 at pH 7.35) (Tian and Copenhagen, 2003). Experiments were
first performed in the standard (control) recording solution, and then with 2 uM strychnine
mixed into the solution. In some experiments, additional recordings were performed in
standard recording solution after the drug was washed out.

2.3. Spike sorting

Potential spikes were identified from each recording as signals greater than 3 standard
deviations from baseline. These were sorted using a clustering algorithm (Kadir et al., 2014),
based on key features for the waveform of each spike. These features included spike
amplitude, spike shape, and the electrical footprint. The electrical footprint was identified as
the activity on every other channel during each potential spike, thus outlining a shape of the
axon for each cell. Each potential unit from this clustering method was assessed for
contamination based on a ratio of the firing rate within the refractory period to the overall
firing rate of the cell [25].

2.4. Light stimulation

Similar to our previous report (Cowan et al., 2016a) and those of others (Pandarinath et al.,
2010b), the ambient white light level during an experiment was measured as wavelength
specific irradiance (E(A), in microwatts cm~2) in the plane of the preparation (Thor Labs,
S170C and Edmund Optics, SpectraRad). The mean ambient photopic light level was 757.9
R*/rod/sec and the monitor had a contrast of —1 to 1. Neutral density filters were used to
create three log unit attenuation, creating an ambient scotopic light level of 0.8 R*/rod/sec.
Stimuli were projected as an optically reduced image from a computer monitor which
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presented light from the visible spectrum (Dell, SXGA-JF311-5100). A beam splitter was
used to present the image from the computer monitor from below the MEA. Whole field
light steps are non-linear stimulation that delivered 30 repeated trials of 4 seconds of a black
screen followed by 4 seconds of a white screen to the retina. The spike response to whole-
field light step (SRWFLS) stimulation scheme sorted RGCs into five functional groups (see
above). Linear receptive fields (RF) were mapped using random binary white noise
checkerboards presented at 15 Hz. Each square in the checkerboard was either black or
white and 50um on a side. The stimulus was created and presented with PsychToolbox
(Brainard, 1997; Pelli, 1997). Reverse correlation was used to compute a space-time spike-
triggered average (STA) (Meister et al., 1994; Chichilnisky, 2001).

2.5. Spatial pooling and surround characterization

The STA was first fit to the product of a spatial Gaussian and the impulse response of a
temporal filter (Chichilnisky and Kalmar, 2002). The spatial Gaussian determines the size of
the 1-o distance in the major and minor axis. This was used to determine 1-o annular zones.
Temporal traces within zones 1-3 were combined to form a single center trace while those in
zones 4-9 were combined to form a surround trace. By summing the first 150 ms of the
center and surround trace we identified a single value to characterize the center and
surround. The ratio of these values (surround/center) was calculated and is reported in this
report as the Surround Polarity Index (SP1) (Cowan et al., 2016a). A negative value indicates
opposite polarity of the center and surround. A larger absolute value indicates a stronger
surround.

2.6. White noise checkerboard stimuli for spatiotemporal receptive field measurements

A white noise stimulus composed of a two-dimensional array (a 32x32 checkerboard) of
squares (pixels), each flickering randomly and independently at 15 Hz was used to study the
spatiotemporal properties of GCs recorded with the MEA. The white noise (random)
checkerboard stimulus was presented with a computer monitor. The mean photopic level is
set at 5,000 R* rod~1 sec™1, and the mean scotopic level is set at 5 R* rod~1 sec™1 with a -3
log unit neutral density filter. Receptive fields (RFs) of GCs were mapped using white noise
binary checkerboards, and the spike triggered average (STA) of a GC will be calculated for
each pixel in the 32x32 2-D array [27,28]. The spatial profiles of STAs will be fitted by 2-D
Gaussian functions, and GC RFs are represented by nine 1-s.d. annulus contours [29]. The
RF center STA is calculated as the weighted average of the mean STAs of the three center
annuli, and the RF surround as the weighted average of the mean STAs of annuli 4-9 [25].
RF size of a GC is represented as mean radius (square root of the product of major and
minor radii of an elliptic contour). Whole-field light stimulation was carried out by a light
pipe (with 9 log unit neutral density filters to be compatible with the WVC stimulator) [30].

2.7. Statistical tests

Statistical tests and significance values are indicated in the text and figure legends. For
comparison of populations we used the Student’s t-test when normally distributed, otherwise
we used a Kolmogorov-Smirnov (KS) test or a Wilcoxon signed-rank test (Mann-Whitney U
test) [31,32]. In all cases we applied a Bonferroni correction to account for multiple
comparisons.
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3. Results

3.1. The percentage of retinal ganglion cells with responsive scotopic and photopic spike
triggered averages (STA) varied in wild-type (WT), Bhlhb4™~, Tra™~, Gnat2¢Pfl3 and Cx367/~

mice.

In order to study synaptic pathways mediating spatiotemporal responses of mammalian GCs,
we employed reverse correlation methods to obtain spike triggered averages (STAs) of GCs
recorded with the MEA in WT (C57/B6J), Bhlhb4™=, Tra™!=, Gnat2?"3 and Cx367'~ mice
in response to the white-noise checkerboard stimulation [25]. A STA was considered
responsive if any of its values was greater than five times the standard deviation of every
value of the STA. We obtained STAs under both scotopic and photopic conditions (a —3 log
unit neutral density filter was added to the LED for scotopic stimulation, [25]. Figure 2
shows the percentage of GCs with responsive STAs by mouse strain and lighting condition,
with numbers of cells given in columns 2 and 3 of Table 1. In 15 wild-type retinas with a
total of 342 GCs, we found 191 GCs (56%) had responsive STAs in photopic conditions, and
78 (23%) had responsive STAs in scotopic conditions. In 8 Gnat2%°™3 retinas (310 GCs), we
found a general decrease in responsivity, only 44 GCs (14%) had photopic STAs and 18 GCs
(5.6%) had scotopic STAs. In 7ra”/~ and Bhlhb4~!~ retinas we saw a more drastic decline in
scotopic responses. In 9 BAlhb4™!~ retinas (272 GCs) we had 83 photopic STAs (31%) but
only 5 scotopic STAs (1.9%), and in 6 7ra”/~ retinas (232 GCs), we found 107 cells with
responsive photopic STAs (46%) and 0 cells with responsive scotopic STAs. In 7 Cx367/~
retinas (221GCs), we had 97 (39%) photopic STAs and 31 (14%) scotopic STAS.

3.2. GC scotopic and photopic temporal processing in WT, Bhlhb4™=, Tra™~, Gnat2¢pfl3
and Cx36~/~ mice

We examined the temporal processing within the receptive field center of GCs. To define a
GC’s receptive field center, we fit a two-dimensional Gaussian function to the peak temporal
slice of its STA [25]. The receptive field center was defined as the area within the first three
standard deviations of this spatial Gaussian [24]. To look at temporal processing in the
center, we computed a weighted average of the temporal filters falling within it, combining
them into a single temporal filter. We then sorted the STAs into two categories: linear ON
and linear OFF (L-ON and L-OFF) based on the polarity of the STA’s peak temporal
response. By convention, STAs of L-ON GCs have positive polarity (light on is represented
by +1) and STAs of L-OFF GCs have negative polarity (light off is represented by —1) [33].
We found that all sustained ON GCs and transient ON GCs exhibit L-ON STAs and all
sustained OFF, transient OFF and ON-OFF GCs exhibit L-OFF STAs, consistent with the
results in our previous publication [33]. The numbers of responsive L-ON GCs and L-OFF
GCs in our responsive GC pool are given in columns 4 and 5 of Table 1.

The mean receptive field center STAs of L-ON GCs and L-OFF GCs in WT, Bhlhb4™!~,
Gnat2Pf13 and Cx36-/- mice under scotopic conditions are shown as thick traces (averaged
over numbers of GCs listed in columns 4 and 5 of Table 1, shaded area represents +/— two
standard errors) in Figure 3Aa and 3Ab respectively. To quantify differences in temporal
processing, we considered two parameters for each GC’s center temporal filter. The first was
time-to-peak (TTP), the amount of time between the peak of the STA and the spike time (see
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insert of Figure 3). This measures the latency between stimulation and the GC peak
response, and longer/shorter TTP tunes GC responses to lower/higher frequencies. The
second parameter was biphasic index (BI), which compares the size of the second peak of
the center STA to that of the first peak in order to quantify how biphasic a temporal filter is
(see insert of Figure 3). The first peak reflects BC inputs and the second peak reflects inputs
of antagonistic polarity mediated by polysynaptic circuit involving narrow-field HCs or ACs
[24], and therefore BI represents the ratio of antagonistic to center synaptic inputs. Figure
3Acd are mean TTPs (averaged over numbers of L-ON and L-OFF GCs given in Table 1
columns 4 and 5, error bars are standard errors) under scotopic conditions. The average TTP
of ON GCs in WT, Bhlhb4™~, Gnat2°™ and Cx367'~ mice are 0.23, 0.23, 0.23 and 0.17
sec, respectively; and the average TTP of OFF GCs in W7, Gnat2*™3 and Cx367'~ mice are
0.28, 0.28 and 0.23 sec, respectively. The TTPs of ON GC STAs in Cx36~ mice were
shorter than that of the WT mice whereas those in the BAlhb47'~and Gnat2P3 mice showed
no significant difference. The TTP of OFF GC STAs in Cx36~~ mice were also shorter than
that of the WT mice whereas those in the Gnat2°' mice were not significant altered. The
average Bl (and SE bars) shown in Figure 3Ae of ON GCs in WT, Bhlhb4™~, Gnat2P"3 and
Cx367'~ mice are 0.33, 0.30, 0.03 and 0.04, respectively: and the average Bl of OFF GCs in
WT, Gnat2?"3 and Cx36'~ mice shown in Figure 3Af are 0.3, 0.4 and 0.2, respectively.
The Bls of ON GC STA in Gnat2%?3 and Cx367'~ mice were much smaller than that in the
WT mice whereas those in the BAlhb47'~ mice did not significantly differ (though the
second peak was shorter, Figure 3A magenta trace). The Bls of OFF GC STA in Gnat2P3
are significantly larger and in Cx36/~ mice were smaller than that in the WT mice. For
comparison between parameters from various mouse strains and between parameters
measured under scotopic and photopic conditions, these mean TTP and Bl values are listed
in Table 2 columns 4 and 6. The values of mutant mice higher than the corresponding values
in WT mice are in red, and those lower than the WT values are in blue in Table 2.

Figures 3Ba and 3Bb are the mean STA traces of L-ON and L-OFF GCs of the WT and four
mutant mouse lines in photopic conditions (thick traces, averaged over numbers of GCs
listed in columns 4 and 5 of Table 1, shaded area represents +/— two standard errors). Figure
3Bcd are the mean TTPs (averaged over same numbers of cells, error bars are standard
errors) for ON and OFF GCs in the WT and four mutant mouse lines under photopic
conditions. The TTPs are generally shorter in all mice as compared with the corresponding
values in scotopic conditions. The mean TTP of ON GCs in WT, Bhlhb4™=, Tra'-,
Gnat2Pf13 and Cx36~'~ mice are 0.12, 0.15, 0.12, 0.15 and 0.135 sec, respectively; and the
mean TTP of OFF GCs are 0.13, 0.12, 0.12, 0.16 and 0.12 sec, respectively. ON GC STAs in
BhIhb4™~ mice had longer TTPs than wild type, as did ON GCs in Gnat2%?™3 and Cx36-/-
mice, while TTPs in 772/~ mice were unchanged. In OFF cells, STA from Gnat2P"3 mice
had a longer TTP, while those from Bhlhb47!~, Tra”'~ and Cx36-/- mice showed no
significant difference in TTP. The average BI of ON GCs in WT, Bhlhb4™=, Tra'-,
Gnat2Pf3 and Cx36~'~ mice are 0.24; 0.16; 0.26; 0.27 and 0.36, respectively; and the
average Bl of OFF GCs are 0.22 0.36, 0.18, 0.25 and 0.33, respectively (Figure 3Bef).
Among ON cells, BAlhb4~!~ mice were significantly less biphasic. In OFF cells, those from
Bhihb47'~ mice were significantly more biphasic, as were those from Gnat2%°™ and
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Cx367'~ mice, but those from 772/~ mice were slightly less biphasic. The mean TTP and B
values obtained under photopic conditions are also listed in Table 2 columns 5 and 7.

As shown in this and section (3.1), nearly all GCs in Bhlhb4™~ and Tra'~mice do not have
responsive STAS in scotopic conditions (Tables 1 and 2). Therefore in the following sections
where we compare spatial response properties of GCs in the WT and four mutant mouse
lines, we focus on GCs recorded under photopic conditions.

3.3. GC Receptive Field Center Size in WT, Bhlhb4™~, Tra™~, Gnat2¢Pfl3 and Cx36-/- mice
under photopic conditions

We next looked at the receptive field center size of GCs in the four types of mutant mice to
determine how rod and cone pathways affect the spatial structure of the GC receptive fields
(RFs). Using the Gaussian fits described in the previous section, we computed the RF center
radius (square root of the product of major and minor radii of the elliptic contour of a GC’s
RF center (Figure 4 insert 1) of each GC. Figure 4A shows the distribution of mean photopic
receptive field center radii of ON GCs (Aa, WT, Bhilhb4™!=, Tra =, Gnat2%°™3 and Cx36-1-
mice: 70.8, 58.8*, 67.8, 66.5 and 59.0*, error bars = S.E.) and OFF GCs (Ab, 74.3, 71.5,
77.8, 72.4 and 59.8, error bars = S.E.) in the five mouse strains. The mean RF center radius
values are also listed in Table 2 column 8. The RF center radius of ON cells from BAlhb4~
mice were significantly smaller than those of wild-type mice, while the RF center radius of
OFF Bhihb4™'~ cells was not significantly different. The RF center radius of both ON and
OFF cells from Cx367/~ mice were significantly smaller than those of wild-type mice. There
was no significant difference in RF center size for either ON or OFF cells in 77a”/~ or
Gnat2%°3 mice.

Thus, removing rod bipolar cells reduces the receptive field size of ON GCs. The fact that
removing bipolar cells, but not photoreceptors, leads to a change in center size suggests that
bipolar cells may be the key cells in determining the size of GC receptive field centers.
Moreover, suppressing rod-cone coupling (secondary cone pathway), AIIAC-BC coupling
(tertiary cone pathway) and GC-GC coupling (pathway 4) reduces RF center size of both
ON and OFF GCs.

3.4. Strength of GC antagonistic surround responses in WT, Bhlhb4~/~, Tra™~, Gnat2¢Pfl3
and Cx36~/~ mice under photopic conditions

A hallmark of spatial processing in retinal ganglion cells is the presence of center-surround
antagonism: light falling on a cell’s RF surround elicits responses of the opposite polarity as
light on the RF center [25,33]. Previous work from our lab has shown that WT mouse GCs
have a linear antagonistic surround under photopic conditions [25], so we sought to
determine if it is altered by various combinations of pathway suppression in mutant mice.

To quantify the presence and polarity of the surround, we first combined inputs from the
outer portions (from 4 s.d. to 9 s.d. of the Gaussian fit) of the receptive field into a single
temporal trace, in a similar fashion as we did the center. We compared the strength and
polarity of the surround to that of the center using a measure called the surround polarity
index (SPI). The SPI is computed by dividing each cell’s STA into center and surround
regions, combined all inputs within each region into a single trace, then integrated the area
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under each trace from the time of the spike to the peak of the STAs, and took the ratio of the
integrals of the surround to that of the center as the SPI (Figure 4 insert 2). The absolute
value of the SPI indicates the surround’s strength relative to the center, and its sign indicates
whether the surround is antagonistic (SPI < 0) or synergistic (SP1 > 0) [33].

The average SPI of ON and OFF GCs from the WT and four mutant mouse lines are shown
in Figure 4B, and they are also listed in Table 2 column 9. We found that Cx36/~ ON and
OFF GCs and Gnat2P"3 OFF cells showed statistically significant SPI increases (decreases
of antagonistic surround). On the other hand, no significant SPI change was observed in
BhiIhb4™= or Tra”'~ GCs. These results indicate that gap junctions in the secondary and
tertiary cone pathways are involved in mediating antagonistic surround of ON GCs, and
cones are responsible for most if not all the antagonistic surround response in OFF RGCs.

4. Discussion

4.1. Contributions of various rod and cone pathways to GC responsiveness in scotopic
and photopic conditions

In this study, we investigated scotopic and photopic spatiotemporal response profiles of
retinal ganglion cells (GCs) in wild-type (WT) and four pathway-specific mutant mouse
lines. Results from previous studies have shown that the BA/b4~~ mouse lacks rod-bipolar
cells [23]; the 7ra™'~ mouse lacks rod signals [21]; the Gnat2?/"¥ mouse lacks cone signals
[22]; and the Cx367"~ mouse lacks rod-cone coupling, AIIAC coupling and some GC-GC
coupling [10,14,20]. Consequently, as marked by “X”s in Figure 1, the primary rod pathway,
the secondary and tertiary cone pathways are suppressed in the BAlhb4—/- mouse; all three
rod pathways are suppressed in the 77a™/~ mouse; all three cone pathways are suppressed in
the Gnat2%P3 mice; and the primary rod pathway and the tertiary cone pathway for ON GCs
are suppressed and the secondary rod pathway, the secondary cone pathway and pathway 4
are suppressed in both ON and OFF GCs in the Cx36/~ mouse. These pathway suppressions
in the four mutant mouse lines are listed in column 1 of Table 2 (R1, R2, R3, C1, C2 and C3
are primary, secondary and tertiary rod or cone pathways). By comparing the percentage of
GCs with responsive scotopic and photopic STAs in WT mouse and the four mutant mouse
lines, we sought to determine contributions of various rod and cone pathways to
spatiotemporal response profiles of GCs under scotopic and photopic conditions.

In general, there is a lower percentage of GCs with responsive scotopic and photopic STAS
in all four strains of mutant mice as compared with the percentage of responsive GCs in WT
mice (Figure 2), consistent with the idea that suppression of any set of rod and cone
pathways reduces the responsiveness of GCs.

Under scotopic conditions, no GCs in 7ra—/- mice and very few OFF GCs in BAlhb4-1-
mice had responsive STAs, indicating that GC light responses in scotopic conditions require
rod pathways (R1-3), especially the primary rod pathway (rod BCs, R1) [23]. This means
GCs in 7ra—/- mice did not encode spatiotemporal information in dim light, which is
consistent with the flash ERG data showing that these mice lack scotopic b-wave [19,21]
and with data showing the 7ra—/- mice lack optokinetic reflexes in scotopic light [30]. The
small group of responsive OFF GCs in the Bhlhb4-/— mice (no primary rod pathway or no
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R1) suggests that secondary and tertiary rod pathways (R2 and R3) are responsible for
mediating scotopic vision in some OFF GCs [19,30,34], consistent with the scotopic
optokinetic reflexes data [30]. A substantial percentage of GCs exhibit responsive scotopic
STAs in Cx367'~ mice (no R1 for ON GCs, no R2), suggesting that the tertiary rod pathways
(R3) play a significant role in mediating scotopic vision in subpopulations of GCs.

Under photopic conditions, the percentage of GCs with responsive STA in the 7ra—/— mice
is about 18% lower than that in the WT mice, suggesting that rods play a significant but
minor role in photopic vision. However, a significant number of photopic STAs is found in
GCs from Gnat2%P"3 mice (14% as compared with 56% in WT mice), suggesting that rods
play a significant role in photopic responses of some GCs. The Cx367/~ data suggest that
with suppression of rod-cone coupling (secondary rod pathway, R2) and AIIAC-ON cone
BC coupling (tertiary cone pathway, R3), the tertiary cone pathway (C3) plays a significant
role in photopic responses of GCs.

By comparing the percentage of GCs with responsive STAs in scotopic conditions and in
photopic conditions of the same mouse strain (columns 2 and 3 of Table 2), we sought to
investigate adaptation-induced changes in GC responsiveness in each mouse strain. It is
evident in all five mouse strains that light adaptation increases the number of responsive
GCs, suggesting that cone pathways are able to generate light responses in more GCs than
rod pathways. This assertion is supported by our observation that the least difference
between responsive photopic and scotopic GCs was found in retinas without cone inputs
(Gnat2P13 14%-5.8%=8.2%) whereas the largest difference was in retinas without rod
inputs ( 77a~'~, 46%-0%=46%). Although mouse is a nocturnal animal, our data suggest
their retinal ganglion cells are more active in photopic or mesopic conditions.

4.2. Contributions of rod and cone pathways to temporal processing of mouse GC
responses in scotopic and photopic conditions.

We also found differences in the temporal processing between mutant and WT mice. Under
scotopic conditions, ON and OFF GCs in Cx36/~ mice had shorter average TTP and were
less biphasic, suggesting that gap junctions in primary and secondary rod pathways slow
down GCs’ scotopic light responses and increase the ratio of inputs of antagonistic polarity
(mediated by polysynaptic circuits comprised of narrow field horizontal cells or narrow-field
amacrine cells) to BC inputs of center polarity [25]. Comparing with WT mice, scotopic
STAs in Gnat2%P"3 mice had similar average TTP, but different BI. This suggests cone
pathways do not affect the kinetics of scotopic GC responses but alter the ratio of BC and
narrow-field AC/HC inputs.

Under photopic conditions, ON GCs in Bhlhb4™!=, Gnat2%°"3 and Cx367'~ mice, as well as
OFF GCs in Gnat2®™3 mice had longer TTPs, suggesting that various combinations of cone
pathways speed up GCs photopic light responses. Bl of ON GCs in Bhlhb47'~ and Cx36-1-
mice, as well as Bl of OFFGCs in BAlhb4™!=, Tra'=, Gnat2P"3 and Cx367~ mice are
different compared with the WT mice. This suggests that various combinations of cone
pathways (C1-3) alters the ratio of BCs and narrow-field AC/HC inputs. We found that
knocking out rod bipolar cells had asymmetric effects on spatiotemporal processing in ON
and OFF RGCs. ON cells in BA/hb4~!~ mice had a longer TTP and smaller Bl, suggesting
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that rod bipolar cells shorten the response latency of ON GCs and tune ON GC photopic
responses to higher frequencies. In contrast, OFF cells only had an increased BI, suggesting
rod bipolar cells play a role in tuning OFF RGC photopic responses to lower frequencies.

In addition to the TTP and BI differences between mutant and WT mice, there are
significant differences in TTP and Bl values measured between scotopic and photopic
conditions (compare columns 4 and 5, and compare columns 6 and 7 of Table 2). In W7,
Gnat2Pf3 and Cx36-1- mice (Bhlhb4™'~ and Tra'~mice had insufficient number of
responsive GCs in scotopic conditions), adapting to brighter ambient light (light adaptation)
shortens TTP of both ON and OFF GCs by 18-54%, in effect speeding up GCs’ temporal
processing and tuning GC photopic responses to higher frequencies. Our observation that
suppression of cone signals (C1-3) in Gnat2%°™3 mice or connexin36 gap junction channels
(R1-2+C2-3+4) in Cx36-/- mice preserves the response speedup suggests that the tertiary
rod pathway plays a significant role in the adaptation-induced TTP changes in some WT
GCs.

Light adaptation makes GC responses in WT mice less biphasic, but GCs in Gnat2?3 and
Cx36-/- mice more biphasic. This suggests that the cone pathways (suppressed in
Gnat2°°"3 mice) and Cx36 gap junction channels (suppressed in Cx36-/— mice) are
responsible for the adaptation-induced reduction of antagonistic inputs to GCs in the WT
mice.

4.3. Effects of rod/cone pathway suppression on GCs’ receptive field profiles in photopic

conditions

Our results show that the receptive field center (RFC) size of ON GCs in Bhlhb4™!~ and
Cx367'~ mice and of OFF GCs in Cx36~~ mice were smaller as compared with the WT
mice. Since All amacrine cell (AIIAC) responses in both BA/hb4™~ and Cx367/~ mice are
reduced [14], we attribute the GC RFC size reduction partially to the decrease of AIIAC
response and RF (caused by no rod BC inputs in BAlib4~~ and All-All-cone ON BC
uncoupling in Cx3677), as GC RFCs are partially mediated by inputs from AIIACs [35].
AIIACs send signals to ON GCs through gap junctions to cone ON BCs [36] and to OFF
GCs via glycinergic synapses to OFF BC and OFF GCs [37,38]. RFC reduction is observed
only in ON GCs in the BAlhb4~'~ mice but in both ON and OFF GCs in Cx367/~ mice
because decrease of AIIAC response and RF under scotopic conditions in the BAlhb47!~
mice (primary rod pathway suppression) is weaker. We also attribute RFC size decrease of
ON and OFF GCs in Cx367/~ mice to uncoupling of gap junctions between GCs (pathway 4
in Figure 1), as it has been shown that connexin36 mediates coupling of alpha ganglion cells
in the mouse retina [20].

In addition to RFC sizes, we found that the surround polarity index (SP1) of ON GCs in
Cx367'~ mice and that of the OFF GCs in Gnat2%°"'3 mice under photopic conditions were
less negative (weaker antagonistic surround responses). Since antagonistic surround
responses of GCs are largely mediated by wide-field ACs and HCs [39], our results suggest
that connexin36 gap junctions and cone pathways are involved in synaptic circuits (wide-
field AC/HCs) underlying surround inputs to GCs. On the other hand, SPI of ON and OFF
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GCs in Bhlhb4™'~ mice did not change, meaning that the rod bipolar cells play a minor role
in mediating antagonistic surround responses of GCs.

4.4, Summary of rod and cone pathway contributions to GC response kinetics and
receptive field profile in scotopic and photopic conditions

Based on our analysis of GC spatiotemporal responses in WT and four pathway-specific
knockout mouse strains discussed above, contributions of various rod and cone pathways
(R1-3, C1-3) and GC coupling (pathway 4) to response kinetics and receptive field profiles
of ON and OFF GCs under scotopic and photopic conditions are summarized below.

Scotopic responses of some GCs require all three rod pathways (R1-3), some require only
the secondary and tertiary rod pathways (R2-3), and others require only the tertiary rod
pathway (R3). There are more responsive GCs in photopic conditions mediated by cone
pathways (C1-3) than responsive GCs in scotopic conditions generated by rod pathways
(R1-3). Gap junctions slow down GCs’ scotopic light responses and tune responses to lower
frequencies, they also increase the ratio of GCs’ antagonistic to center synaptic inputs. Cone
pathways (C1-3) do not affect the kinetics but alter the GCs’ antagonistic to center synaptic
inputs of scotopic GC responses. They also speed up GCs photopic responses and alter the
ratio of GCs’ antagonistic to center synaptic inputs and receptive field profiles. Rod bipolar
cells shorten response latencies of ON GCs and tune ON GC photopic responses to higher
frequencies, and they increase the ratio of GCs’ antagonistic to center synaptic inputs. Light
adaptation speeds up GCs’ temporal processing and tunes GC photopic responses to higher
frequencies, and the tertiary rod pathway (R3) plays a significant role in such adaptation-
induced TTP changes in some WT GCs. GC RF center sizes are partially mediated by
AIIACs and GC-GC coupling (pathway 4). Connexin36 gap junctions and cone pathways
(C1-3) alter synaptic circuits underlying antagonistic surround inputs to GCs in photopic
conditions.
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Figure 1. Schematic diagram of major synaptic pathways mediating light responses of mouse ON
and OFF ganglion cells in scotopic (A) and photopic (B) conditions.

R: rod, C: cone, HBCr/mc: Mixed rod/M-cone hyperpolarizing bipolar cell; HBCyc: M-
cone hyperpolarizing bipolar cell; DBCyc: M-cone depolarizing bipolar cell, DBCgr/mc:
Mixed rod/M-cone depolarizing bipolar cell; DBCRg,: type 2 rod depolarizing bipolar cell;
DBCRry: type 1 rod depolarizing bipolar cell; All: All amacrine cell; OFFGC: OFF ganglion
cell; ONGC: ON ganglion cell; green: rods and rod BCs; blue: cones and cone BCs, dark
orange: ACs; grey: GCs; arrows: chemical synapses (red: glutamatergic, black: glycinergic,
“+” sign-preserving, and “—*“sign-inverting), red zigzag: electrical synapses (Cx36), PRL:
photoreceptor layer, OPL: outer plexiform layer, INL: inner nuclear layer, IPL: inner
plexiform layer (a: sublamina a, b: sublamina b), GCL: ganglion cell layer. Tentative
correlations between anatomical BC types (B1-7 and RB, in black letters) and physiological
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BC types are given. Rod pathways that operate in scotopic conditions are colored pink and
marked 1-3: (1) rod-DBCg-AlI-DBC/HBC-ONGC/OFFGC, (2)
rod<>cone—DBC/HBC-ONGC/OFFGC and (3) rod-DBC/HBC--ONGC/OFFGC.
Cone pathways that operate in photopic conditions are colored yellow and marked 1'-3’:
(1”) cone-DBC/HBC¢ - ONGC/OFFGC, (2”) cone-rod-DBCr-AIllI-DBC¢ /HBC-ONGC/
OFFGC, and (3”) cone-DBCR-AIl - DBCc/HBCc-ONGC/OFFGC. GC-GC couplings are
marked as 4. Active cells are marked with full colors and inactive cells are with unsaturated
colors. Pathway suppressions in Bhlhb4™=, Tra!=, Gnat2P™3 and Cx367'~ mice are marked
by pink, blue, black and green “X”s, respectively. Pink and green arrows indicate decreased
AIIAC responses in the in BAlhb4™~ and Cx367~ mice.
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Figure 2.
Percentage of GCs with responsive STAs in WT, Bhlhb4™!=, Tra!=, Gnat2%?3 and Cx367~

mice under scotopic and photopic conditions.
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Figure 3.

Mgean receptive field center STAs, TTPs and Bls of L-ON GCs and L-OFF GCs in WT,
Bhihb4™=, Gnat2%P3, Tra'= and Cx367'~ mice under scotopic (A) and photopic (B)
conditions. 7ra~ mice had no cells with responsive STAs in scotopic conditions. BAlhb4™~
mice had no OFF cells with responsive STAs in scotopic conditions. Mean STAs are shown
as thick traces (averaged over numbers of GCs listed in columns 4 and 5 of Table 1, shaded
area represents +/— two standard errors) in Figure 3Aa and 3Ba. Figures 3Acd and 3Bcd are
the average TTPs (averaged over numbers of GCs listed in columns 4 and 5 of Table 1, TTP
values are listed in columns 4 and 5 of Table 2) of L-ON and L-OFF GCs under scotopic and
photopic conditions in the five mouse strains. In ON cells, Bhlhb4~'~ GCs have a longer
time-to-peak than wild type (0.154 vs. 0.125 seconds control, p = 2.8e-10, KS test), as did
Gnat2P3 GCs (0.157 vs. 0.125 seconds, p = 1.09e-4, KS test), while 7747~ ON GCs were
unaffected. In OFF cells, those from Gnat2"'3 mice had a longer time to peak (—0.157 vs.
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-0.129 seconds in control, p = 3.6e-15, KS test), while those from BAlhb4~, Tra'~ and
Cx367!~ mice showed no difference in TTP. Error bars represent 1 standard deviation. *
indicates p< 0.05 (KS test). Figures 3Aef and 3Bef are the average Bls (averaged over
numbers of GCs listed in columns 4 and 5 of Table 1, Bl values are listed in columns 6 and 7
of Table 2) of L-ON and L-OFF GCs under scotopic and photopic conditions in the five
mouse strains. Among ON cells, BA/hb4~'~ GCs were significantly less biphasic (0.151 vs.
0.232 in control, p = 1.8e-11, KS test) and Cx36~ GCs are more biphasic. In OFF cells
(Figure 3D), those from B4 mice were significantly more biphasic (.354 vs .214, p=7.1e-7,
KS test), as were those from Gnat2P3 and Cx367/~ mice (0.247 vs. 0.214, p=.0064, KS
test), but those from 7727/~ mice were slightly less biphasic (0.177 vs. 0.232 p = .037, KS
test). Error bars represent 1 standard deviation. * indicates p< 0.05 (KS test).
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Figure 4.

4Aab are the average RFC radii (R) (averaged over numbers of GCs listed in columns 4 and
5 of Table 1, R values are listed in columns 8 of Table 2) of L-ON and L-OFF GCs under
photopic conditions in the five mouse strains. The average RF center radius of ON cells from
BhIhb4™'~ mice were significantly smaller than those of wild-type mice (64.7 um vs 70.6
um, p =0.018, KS test), while the RF center radius of OFF BA/hb4™~ cells was not
significantly different (71.9 um vs. 74.6 um, p= 0.43, t-test). The RF center radius of both
ON and OFF cells from Cx367/~ mice were significantly smaller than those of wild-type
mice (64.7 um vs 70.6 um, p =0.018, KS test). Error bars represent 1 standard deviation. *
indicates p< 0.05 (Kolmogorov-Smirnov test). Figure 4Bab show the average surround
polarity index (SPI) (averaged over numbers of GCs listed in columns 4 and 5 of Table 1,
SPI values are listed in columns 9 of Table 2) of L-ON and L-OFF GCs under photopic
conditions in the five mouse strains. Cx367/~ ON GCs and Gnat2""3 OFF cells showed
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statistically significant increases in SPI (0.006 vs, —0.057 in control, p= 3.9e-4). On the
other hand, we found no significant change in SPI for BAlhb4~/~ or Tra'~ GCs. Error bars
represent 1 standard deviation. * indicates p<0.05 (KS test).
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Total number of GCs recorded with MEA from N retinas, number and percentage of GCs with responsive

STAs, and number of responsive L-ON and L-OFF GCs in WT, Bhlhb4™=, Tra"=, Gnat2%P™’3 and Cx367~
mice under scotopic and photopic conditions.

Mouse strains (n= # of retinas) | Total Cells | Responsive Cells | Responsive L-ON Cells | Responsive L-OFF Cells
WT (N=15)

Scotopic 342 78 (23%) 42 36

Photopic 342 191 (56%) 102 89
Bhinb4 (N=9)

Scotopic 272 5 (1.9%) 5 0

Photopic 272 83 (31%) 50 33
Tra’~ (N=6)

Scotopic 232 0 0 0

Photopic 232 107 (46%) 47 60
Gnat2%°3 (N=8)

Scotopic 310 18 (5.8%) 1 17

Photopic 310 44 (14%) 7 37
Cx36 (N=7)

Scotopic 221 31 (14%) 16 15

Photopic 221 87 (39%) 33 54

Vision Res. Author manuscript; available in PMC 2021 February 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Seilheimer et al.

Table 2.

Page 22

Summary of percentages of GCs with responsive STAs, ON and OFF GC TTPs, Bls, RF center radii and SPIs
in WT, Bhlhb4™!=, Tra"=, Gnat2%P’3 and Cx36™"~ mice under scotopic and photopic conditions. Values

measured in WT mice are in bold letters, those in mutant mice that are larger than the corresponding values in
WT mice are in red, those that are smaller than the WT values are in blue, and those do not significantly differ

from the WT values are in black. “--

“: measurements are unavailable.

% rsp. % rsp. TTP Scot TTP Phot BI Scot Bl Phot RF Center SPI ON/OFF
GCs GCs (sec) (sec) ON/OFF ON/OFF Radius (um)
Scot. Phot. ONJ/OFF ONJ/OFF ON/OFF
WT 23 56 0.23/0.28 0.12/0.13 0.33/0.30 0.24/0.22 70.8/74.3 -1.44/-0.57
Bhihb4 ™ 19 31" 0.23/-- 0.15%0.12 0.30/-- 0.1670.36 ™ 58.8/715 -1.06/-0.28
No R1,C2,C3
Tra‘/_ 0* 46* -/-- 0.12/0.12 -/-- 0.26/0.18* 67.8/77.8 -1.19/-0.70
No R1L,R2R3
Gnat2e#f3 58" 147 0.23/0.28 015%0.16* | 0.0370.40° | 0.27/0.25* 66.5/72.4 ~1.26/+0.06 "
No C1,C2,C3
Cx367" 147 397 0.17%0.23" | 0.1470.12 0.040.20" | 0.3670.33" 59.0759.8° | -0.607-0.44
No RION
No C30N
NoR2,C24

*-
'p<0.01 (KS test).

Vision Res. Author manuscript; available in PMC 2021 February 01.




	Abstract
	Introduction
	Materials and Methods:
	Preparations and multielectrode array (MEA) recording
	Solutions
	Spike sorting
	Light stimulation
	Spatial pooling and surround characterization
	White noise checkerboard stimuli for spatiotemporal receptive field measurements
	Statistical tests

	Results
	The percentage of retinal ganglion cells with responsive scotopic and photopic spike triggered averages (STA) varied in wild-type (WT), Bhlhb4−/−, Tra−/−, Gnat2cpfl3 and Cx36−/− mice.
	GC scotopic and photopic temporal processing in WT, Bhlhb4−/−, Tra−/−, Gnat2cpfl3 and Cx36−/− mice
	GC Receptive Field Center Size in WT, Bhlhb4−/−, Tra−/−, Gnat2cpfl3 and Cx36−/− mice under photopic conditions
	Strength of GC antagonistic surround responses in WT, Bhlhb4−/−, Tra−/−, Gnat2cpfl3 and Cx36−/− mice under photopic conditions

	Discussion
	Contributions of various rod and cone pathways to GC responsiveness in scotopic and photopic conditions
	Contributions of rod and cone pathways to temporal processing of mouse GC responses in scotopic and photopic conditions.
	Effects of rod/cone pathway suppression on GCs’ receptive field profiles in photopic conditions
	Summary of rod and cone pathway contributions to GC response kinetics and receptive field profile in scotopic and photopic conditions

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.
	Table 2.

