
Sarfare et al. Cell Communication and Signaling 2014, 12:67
http://www.biosignaling.com/content/12/1/67
RESEARCH Open Access
Overexpression of rod photoreceptor glutamic
acid rich protein 2 (GARP2) increases gain and
slows recovery in mouse retina
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Abstract

Background: The rod photoreceptor cGMP-gated cation channel, consisting of three α- and one β subunit, controls
ion flow into the rod outer segment (ROS). In addition to the β-subunit, the Cngb1 locus encodes an abundant soluble
protein, GARP2 that binds stoichiometrically to rod photoreceptor cGMP phosphodiesterase type 6 (PDE6). To examine
the in vivo functional role of GARP2 we generated opsin promoter-driven transgenic mice overexpressing GARP2
three-fold specifically in rod photoreceptors.

Results: In the GARP2 overexpressing transgenic mice (tg), the endogenous channel β-subunit, cGMP phosphodiesterase
α-subunit, peripherin2/RDS and guanylate cyclase I were present at WT levels and were properly localized within the ROS.
While localized properly within ROS, two proteins cGMP phosphodiesterase α-subunit (1.4-fold) and cGMP-gated cation
channel α-subunit (1.2-fold) were moderately, but significantly elevated. Normal stratification of all retinal layers was
observed, and ROS were stable in numbers but were 19% shorter than WT. Analysis of the photoresponse using
electroretinography (ERG) showed that tg mice exhibit no change in sensitivity indicating overall normal rod
function, however two parameters of the photoresponse significantly differed from WT responses. Fitting of the
rising phase of the ERG a-wave to an accepted model of phototransduction showed a two-fold increase in
phototransduction gain in the tg mice. The increase in gain was confirmed in isolated retinal tissue and by suction
electrode recordings of individual rod photoreceptor cells. A measure of response recovery, the dominant time constant
(τD) was elevated 69% in isolated retina compared to WT, indicating slower shutoff of the photoresponse.

Conclusions: GARP2 may participate in regulating visual signal transduction through a previously unappreciated role in
regulating phototransduction gain and recovery.
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Background
Light perception is initiated by the process of photo-
transduction that occurs in the outer segments of rod
and cone photoreceptors [1]. Rods have much higher
light sensitivity, lower “dark noise” and higher photo-
transduction gain compared to cones [2,3]. In rods, the
activation of the visual pigment rhodopsin by a photon
* Correspondence: pittler@uab.edu
†Equal contributors
1Department of Vision Sciences, University of Alabama at Birmingham,
Birmingham, AL 35294-0019, USA
3Department of Ophthalmology, University of Alabama at Birmingham,
Birmingham, AL 35294-0019, USA
Full list of author information is available at the end of the article

© 2014 Sarfare et al.; licensee BioMed Central
Commons Attribution License (http://creativec
reproduction in any medium, provided the or
Dedication waiver (http://creativecommons.or
unless otherwise stated.
of light initiates a cascade of events, involving activation
of the G-protein, transducin, leading to hydrolysis of
cytoplasmic cGMP by cGMP phosphodiesterase type 6
(PDE6). PDE6 activation occurs through removal of
an inhibitory constraint imposed by the enzymes’ own
γ-subunits. The cGMP-gated cation (CNG) channels
close in response to reduced cGMP binding, causing a
transient hyperpolarization of the membrane voltage
resulting in a reduction of glutamate release at the
synapse. Recovery of the photoresponse requires a series
of reactions that returns the photoreceptor to the dark
state. Rhodopsin activity is shut off through phosphoryl-
ation and arrestin binding, transducin through regulated
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intrinsic GTPase activity, and PDE6 through reestablished
inhibition by its γ-subunits [1].
The CNG channels are critical in converting the chem-

ical events during light activation into an electrical signal,
which is relayed to the bipolar cells [4,5]. The rod CNG
channel is a heterotetramer consisting of 3 α (CNGA1)
and 1 β (CNGB1) subunits arranged around a central pore
[6-8]. The CNGB1 locus encoding the channel β-subunit
consists of 33 exons and has a bipartite structure com-
prised of an amino-terminal glutamic acid-rich (GARP)
region and a carboxy-terminal channel-like region [9-11].
In rod photoreceptors, via alternative splicing, the GARP
region of the CNGB1 locus is also expressed as two
shorter soluble proteins. One of these proteins, GARP2 is
a 32 kDa protein and is about 20-fold more abundant than
the other soluble protein, GARP1. Both proteins are so
named because they are very rich in glutamic acid (pI ~ 4)
and they also contain a high concentration of proline resi-
dues [10]. All three proteins show anomalous decreased
migration in SDS gels due to the highly negatively charged
GARP region [12]. The high proline content contributes
to the proteins being intrinsically disordered, which can
allow for structural flexibility and binding to multiple part-
ners according to the physiological milieu [13]. GARP2 is
expressed only in rods [12,14,15], where it binds periph-
erin/RDS [16] and PDE6 with high affinity [17,18]. A
study also indicates that GARP2 can bind to the cGMP-
gated cation channel complex and inhibit channel gating
thereby reducing dark noise [15]. GARP2 suppresses
PDE6 activity in the dark through binding to the poly-
basic region of the PDE6 γ-subunit [18,19], leading to
the hypothesis that GARP2, through PDE6 interaction
may also increase the efficiency of phototransduction
by reducing dark noise [18]. In contrast, excess PDE6
γ-subunit causes a reduction in phototransduction gain,
but a more rapid recovery of the photoresponse [20]. In
this study, we have found an opposite effect of excess
GARP2 in mouse rods: increased gain and slowed re-
covery. These results indicate a novel role of GARP2 in
phototransduction where it acts to regulate phototrans-
duction gain and response recovery.

Results
GARP2 transgenic mice overexpress GARP2 in the rod
photoreceptors
To investigate the role of GARP2, we developed a trans-
genic mouse model overexpressing GARP2 in the rod
photoreceptors. Transgene [21] expression was directed
specifically to the rod photoreceptors using a 4.4 kb
opsin gene promoter [22], and a mouse protamine gene
polyadenylation signal was used for proper expression of
the transgene mRNA [23] (Figure 1A). Five independent
founder lines designated 1, 3, 4, 5 and 6 were generated
from the GARP2 transgene construct.
To verify mRNA transcription from the transgene, we
performed RT-PCR on retina cDNA from the transgenic
mice using transgene-specific primers. A product of 387 bp
was generated by PCR (Tg/+, Figure 1B) of the transgene-
containing plasmid used for microinjection. The antisense
primer is specific to the c-myc region, and thus the product
is specific to the transgene transcript. PCR products were
not generated from genomic DNA (Genomic), in the ab-
sence of reverse transcriptase (No-RT), or in the absence of
template (−Template). The same size product was obtained
with RT-PCR from Line 3 transgenic retina cDNA, demon-
strating that the GARP2 transgene-specific mRNA was
transcribed (Figure 1B).
To allow specific detection of GARP2 transgene ex-

pression a c-myc tag was included near the C-terminus.
As shown in Figure 1C, using a c-myc tag-specific
monoclonal antibody in Western analysis a single band
of ~73 kD was detected from protein extracted from the
retina from all five transgenic mouse lines. This band
was not detected in the wild type (WT) mouse retina. We
observed differing levels of expression of the GARP2-myc
protein in the transgenic lines. Line 6 demonstrated the
highest expression level (two-fold compared to other
lines) and was used for all subsequent experiments.

Some ROS protein levels are elevated in tg retina
To determine expression levels of GARP2 and other ROS
proteins involved in cyclic nucleotide metabolism we per-
formed quantitative Western analysis (Figure 1D,E). Im-
munoblotting with an N-terminal antibody that recognized
GARPs and the channel β-subunit revealed single bands of
the expected size for each protein (Figure 1E). The GARP2
transgene is expressed 3-fold over the WT levels in the
transgenic retina, PDE6G showed a 1.45-fold increase in
expression and the cGMP-gated cation channel β-subunit
(CNGA1) that can bind GARP2 [15] showed a small but
significant increase. The levels of expression of PDE6A
and peripherin2/RDS (PER2), two other proteins known
to interact with GARP2, the channel β-subunit (CNGB1)
and guanylate cyclase 1 (GC1) levels remained unchanged
(Figure 1D). Thus, GARP2 overexpression did not affect
expression of most ROS proteins examined.

ROS length is reduced in tg, but ROS width, ONL
thickness remain unchanged
At one month, retinal stratification in the transgenic
mice appeared normal compared to age-matched wild
type controls (Figure 2A,B) and no retinal degeneration
was observed up to one year examined. To assess the in-
tegrity of the tg retina, we measured ROS length, outer
nuclear layer (ONL) thickness, and total ONL nuclei
counts (Figure 2C–D). ROS length in tg mice was reduced
across most of the expanse of the retina (tg, Δ vs WT, ▲;
Figure 2C), while ONL thickness was unchanged. ONL



Figure 1 Transgenic mice expressing GARP2 in the rod photoreceptors. Schematic representation of the GARP2 transgene. (A) tg cDNA
driven by a 4.8 kb mouse opsin gene promoter, with a c-myc tag added near the C-terminus of GARP2 and mouse protamine polyA signal. The
relative locations of the region of the transgene amplified by PCR for genotyping (679 bp) and RT-PCR (387 bp) are denoted by double headed
arrows. (B) Reverse transcription of transgene-specific transcripts in tg retina. Total RNA was reverse transcribed and PCR amplified with a primer
pair specific for the tg and the myc tag insertion sequence. The expected 387 bp PCR product was only observed in mice carrying the tg (Tg/+)
and a control template sample (+control), but was not amplified from genomic DNA (genomic), in the absence of reverse transcriptase (no-RT) or
in the absence of template DNA (−template). (C) Western blot with a myc tag antibody showing tg protein expression in the retinas of 5
transgenic lines and absence in WT. Relative levels of ROS proteins in GARP2 transgenic mice. (D) Quantitation of ROS protein levels normalized
to 100% WT. (E) Representative Western blots showing relative levels of ROS proteins PDE6G (n = 3), PDE6A (n = 3), PER2 (n = 4), GC1 (n = 3), CNGA1
(n = 4), CNGB1 (n = 3) and GARP2 (n = 6) in tg compared to WT. CNGA1 was increased 30% (P < 0.01). Total GARP2 expression was increased 3-fold
(P < 0.001), PDE6G was elevated 1.4-fold, and other ROS proteins were unchanged.
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Figure 2 GARP2 transgene overexpression does not affect gross retinal morphology. Cross section through the retina of 1 mo WT (A) and
tg (B). All retinal layers appear normal in the tg at 1 month (Scale bars, 20 μm). Morphometric analysis of the tg retina at 1 month (C, D). Spider
graph plot in (C) shows differences in thickness of ROS in tg (n = 4) and WT (n = 5) and outer nuclear layer (ONL) at different eccentricities from
the optic nerve head. (D) Average counts of ONL nuclei in WT and tg at specified distances from the ONH. No significant differences in total
nuclei counts were observed.
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cell counts have been used as a quantitative measure of
photoreceptor degeneration [24]. Fine measurements of
ROS length and width were performed with ultra-thin sec-
tions imaged on an electron microscope. The average
ROS length in WT mice was 27 ± 1.8 μm, which is in
agreement with ROS length measurements from similarly
processed tissue samples from adult C57BL/6 mice [25].
The average length of tg ROS at 1 month was 21.9 ±
1.8 μm, reflecting a 19% reduction in ROS length (p <
0.001). No difference in ROS width between WT (1.311 ±
0.117 μm) and tg (1.317 ± 0.116 μm) mice was observed
(p > 0.5). The width measurements were in good agreement
with measurements obtained from WT rods (1.32 μm) by
cryoelectron tomography [26]. We observed no significant
difference (P values ranged from 0.12 to 0.93 in each
group) in the total number of ONL nuclei in a 250 μm2

area, measured in the plane of the optic nerve (Figure 2D).
These results suggest that overexpression of GARP2 does
not affect gross morphology of the retina and rod outer
segments.
Figure 3 Immunolocalization of GARP2 and other ROS proteins. Myc t
localization in WT (C) and transgenic retina (D) with an N-terminal Garp/β-
from tg retina. Immunolocalization of rhodopsin (E and F), PDE6 (G and H), P
bar in P, 20 μm.
GARP2 and other ROS proteins are properly localized in
the transgenic retina
To assess the spatial distribution of ROS proteins in the
transgenic mouse compared to WT we performed im-
munohistochemistry (Figure 3). Using a myc-tag specific
antibody tg expression was seen predominantly in the
photoreceptor outer segment layer in transgenic mice,
and as expected, transgene expression was not observed
in non-transgenic WT retina (Figure 3A,B). A weak dis-
tribution of signal was also seen in the outer plexiform
layer, as has been observed previously in WT retina
with other GARP antibodies [12,14]. Labeling with an
N-terminal common GARP antibody (3C, D) showed
that GARP proteins and the β-subunit are localized to
the ROS layer in the transgenic retina, thus demon-
strating that GARP2 overexpression does not affect the
distribution of other GARP-region containing proteins.
The proper distribution of endogenous GARP2 was
confirmed using a C-terminal GARP2 specific antibody
that recognizes both endogenous and transgene-expressed
ag epitope staining in wildtype (A) and GARP2 tg (B). GARP
subunit antibody. Panels E, G, I, K are from WT retina, and F, H, J, L are
ER2 (I and J) and CNGA1 (K and L). Nuclei are stained with DAPI. Scale



Figure 4 Analysis of phototransduction gain in live mice. (A) An
example fit of the rising phase of the a-wave in ERG responses in WT mice
for a range of 1,400-44,000 photon/μm2 incident at the cornea. Individual
electrophysiological responses are shown in black with the global gain fits
overlaid in red. (B) Example fit of the rising phase of the a-wave in ERG
responses to a flash range of 2,300-52,000 photons/μm2 incident at the
cornea in a tg mouse. Individual electrophysiological responses are shown
in red with the global gain fits overlaid in black. (C) Response amplitudes
for flashes of 48,000 photons/μm2 incident at the cornea were normalized
to the Rmax for each individual animal to illustrate the difference in the
rising phase of the a-wave. WT (black, n = 8) and tg (red, n = 7).
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GARP2 (Additional file 1: Figure S1). We also investigated
the localization of endogenous ROS proteins that interact
with GARP2 or are involved in phototransduction. Over-
expression of GARP2 did not affect the normal outer seg-
ment localization of rhodopsin (Rho, Figure 3E,F), cGMP
phosphodiesterase (PDE6, Figure 3G,H), peripherin2/RDS
(PER2, Figure 3I,J) or the cGMP-gated cation channel
α-subunit (CNGA1, Figure 3K,L).

tg mice exhibit increased phototransduction gain in vivo
We initially assessed retinal function in 1 mo tg mice
using dark-adapted electroretinography (ERG). The aver-
age maximum a-wave amplitude of WT mice was 657 ±
142 μV (n = 11), whereas that of the tg was 443 ± 57 μV
(n = 11), a 33% reduction in maximum a-wave response
(p < 0.001), which is consistent with the reduction in ROS
length (Additional file 2: Figure S2). The mean b-wave
amplitude was reduced from 1508 ± 411 μV for the WT to
1079 ± 103 μV in the tg, which is not a statistically signifi-
cant difference (p > 0.05). Implicit times for the a-wave
and b-wave were not significantly different between
WT and tg animals for dark adapted saturating stimuli
(a-wave: 16 ± 0.5 ms WT vs. 16 ± 0.6 ms tg; b-wave: 73 ±
3 ms WT vs. 70 ± 2 ms tg; p > 0.05) or for light adapted
stimuli (a-wave: 13 ± 1 ms WT vs. 14 ± 1 ms tg; b-wave:
54 ± 1 ms WT vs. 53 ± 1 ms tg; p > 0.05, WT n = 8; and tg
n = 7). Intensity response curves fit with equation 1 for
both a-wave and b-wave response amplitudes are nearly
overlapping and the I1/2-values are not significantly
different, indicating no change in sensitivity of the tg
mice (p > 0.05, Additional file 2: Figure S2).
To characterize the activation phase of phototransduc-

tion, we fit the a-wave data to a model of rod photo-
transduction (Equation 2, described in Methods) [27,28].
Five different a-wave responses to 10 ms flashes of differ-
ent light intensities were simultaneously fit to Equation 2,
and the curves best fitting the equation were used to ob-
tain estimates of phototransduction gain in WT and tg
mice (Figure 4A-B). Figure 4C shows the rising phase
of the average a-wave response to flash intensity corre-
sponding to 48,000 photons/μm2 incident at the cor-
nea (WT n = 8; tg n = 7). Using the ensemble fit for all
a-waves, we obtained values of Ag = 6.7 ± 0.6 s−2 for the
WTand Ag = 13.9 ± 1.4 s−2 for the tg (Table 1). The Ag par-
ameter is increased 2-fold (105%) in the tg mice (p < 0.001),
which indicates an acceleration in the activation phase of
the rod photoreceptor light response. Significantly in-
creased estimates of Ag were also obtained when the gain
analysis was repeated using 2 ms flash duration, to better
approximate an impulse. The curve fitting analyses was
performed in two different ways: (1) using observed values
of amax, and (2) using amax as a fixed calculated ratio of the
response amplitude to non-saturating light levels to avoid b-
wave contamination. For both of these fitting algorithms,



Table 1 Response properties and gain analysis for rods from WT and GARP2 tg mice

Genotype (n) Rmax I1/2 (R*) spr Ti (ms) Tp (ms) τD (ms) Gain (s−2)

Live ERG WT (8) 585 ± 158 μV 6.7 ± 0.6*

tg (7) 398 ± 93 μV 13.9 ± 1.4*

Tissue ERG WT (21) 241 ± 25 μV 55 ± 5 99 ± 5 * 3.5 ± 0.5*

tg (14) 181 ± 26 μV 59 ± 9 167 ± 17* 6.6 ± 0.7*

Single cell WT (29) 12.6 ± 0.7 pA 21.7 ± 1.5* 0.45 ± 0.02 312 ± 17 152 ± 6* 160 ± 6.9* 7.9 ± 0.6 (n = 20)*

tg (13) 11.2 ± 0.6 pA 13.0 ± 2.0* 0.42 ± 0.05 277 ± 24 131 ± 5* 209 ± 11.5* 16.5 ± 2.2*

*Indicates significance (p < 0.05).
Criterion for inclusion in the data set was a maximum response (Rmax) of at least 7 pA. Phototransduction gain analysis only includes cells whose single photon
response had been determined, thus defining the collecting area of the cell (see Methods). Values are shown as mean ± SEM. Labels are, half-maximal intensity,
(I1/2), single photon response amplitude (spr), Integration time (Ti), time-to-peak of linear range responses (Tp), dominant time constant of recovery, (τD), and
phototransduction gain (Gain).
t-test p-values:
(WT vs tg) Single cell gain: 0.0000484 Single cell τD: 0.000365 Tp: 0.0267.
Tissue gain: 0.000695 Tissue τD: 0.0000658.
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significantly increased values of Ag in the tg were obtained.
Two additional independent methods of analysis, isolated
tissue ERG and single cell suction electrode recordings were
used to avoid complications from b-wave intrusion.

Rods overexpressing GARP2 exhibit increased
phototransduction gain in vitro
To confirm the observed increase in gain we analyzed iso-
lated retinas that were pharmacologically manipulated to
eliminate inner retina responses, allowing analysis of the
photoreceptor fast PIII response (Figure 5A-B; Table 1)
[29,30]. Figure 5C shows a comparison of gain estimates
to the rising phase of the a-wave in WT and tg isolated
retinas using Equation 2 (see Methods). The tg mice ret-
inas show an 89% increase in gain (WT, 3.5 ± 0.5 s−2; tg,
6.6 ± 0.7 s−2; p < 0.001) in agreement with the in vivo es-
timates of phototransduction gain for the in vivo ERG
a-wave analysis.
In order to further evaluate the properties of the tg

rods and to confirm the increase in gain by a third
method, single cell suction electrode recordings were
performed (Figure 6; Table 1). Under IR illumination the
outer segment of a rod was drawn into an electrode to
record the circulating dark current and the responses to
light. Several properties of the individual rods were re-
corded and found to be different in WT compared to tg
rods. The half-maximal R* levels (I1/2) were calculated
from the full range of response amplitudes, and were
significantly different between WT and tg (p < 0.002)
consistent with the increase in phototransduction gain.
Shown in Figure 6B and 6D are representative curve fittings
used to analyze gain in a single WT and tg rod, respectively.
For 13 cells whose collecting area was experimentally calcu-
lated, phototransduction gain was elevated two-fold in the
tg mice (WT, 7.9 ± 0.6 s−2, tg 16.5 ± 2.2 s−2, p < 0.0001). As
shown in Table 1, three parameters in addition to the gain;
Tp, the time-to-peak of the linear range response, I1/2, the
sensitivity measure of the cell and, (τD), the dominant time
constant, a measure of response recovery time, were signifi-
cantly altered in rods from transgenic animals. τD was sig-
nificantly elevated in both isolated tissue (τD, 69% increase;
p < 0.0001) and in single cells (τD, 31% increase, p < 0.001).
The increase in τD indicates a slower shut off of the photo-
transduction cascade. In WT animals τD represents the in-
activation rate of PDE6, but it can be altered due to a variety
of molecular perturbations [20,31-33]. Pepperberg plots [34]
indicate the average τD values (linear slope) calculated from
WT and tg single cells (Figure 7). The time-to-peak (Tp),
and integration time (Ti) were measured from linear re-
sponses. The magnitude of the spr estimates were not sig-
nificantly different for the individual data (0.42 ± 0.07 pA tg,
0.45 ± 0.02 pA WT; p > 0.28). However, the Tp values re-
vealed that the tg rods peaked faster than the WT (131 ±
5 ms tg, 152 ± 6 ms WT; p < 0.05) but Ti did not differ. The
Tp result is consistent with the findings from analysis of sat-
urating responses, which indicated an increase in gain of the
light response (Table 1).

Discussion
In this study we have investigated the functional conse-
quence of overexpression of GARP2 in the rod photore-
ceptors. Although in vitro models suggest that GARP2
may play a role in increasing rod sensitivity in the dark
[18], the in vivo function of GARP2 had not been estab-
lished. While morphometric analysis showed that the
average length of the tg ROS was reduced, there were no
other gross changes in retinal health, as the number of
ONL nuclei in the tg were not statistically different from
WT. However, some features of phototransduction were
altered in tg mice when compared to WT: phototrans-
duction gain was increased, the dominant time constant
of recovery was longer, and linear range responses peaked
earlier. The sensitivity of the tg rods was also significantly
higher (as demonstrated by a lower I1/2, Table 1) than WT
when measured by single cell recordings. In the whole
animal ERG or isolated tissue ERG I1/2 was not found to



Figure 5 Analysis of gain in isolated retinal tissue. (A) An example
WT retina in the isolated tissue ERG preparation. Stimulus range was
4–1350 R*/flash. (B) An example tg retina recorded in the isolated
tissue ERG preparation. Stimulus range was 18–980 R*/flash. (C) Response
amplitudes for flashes eliciting 260 R*/flash in both WT (black) and tg
(red). Responses were normalized to the Rmax for each individual retina to
illustrate the difference in the rising phase of the rod photoresponse;
WT (black, n = 21) and tg (red, n = 14).
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differ, however sensitivity measures in single cells are
generally more accurate and reproducible from cell to
cell. Thus, we conclude that the tg rods are more sen-
sitive than WT rods, consistent with the finding of
greater phototransduction gain. It is possible that a
single property of GARP2 can explain each of these
outcomes. We propose a model in which GARP2 influ-
ences PDE6 activity by a) reducing basal PDE6 activity
in the dark and b) decreasing the rate of inactivation of
active PDE6 during recovery from a light response.
Modulation of phototransduction gain may occur due

to a change in any of the biochemical steps of activation
(for a review see [35]). We observed reduction in ROS
length, but no change in ROS width, or in the levels of
several ROS proteins in the tg retina. We also examined
rod disk spacing (Additional file 3: Figure S3) and per-
formed quantitative spectrophotometric determination
of rhodopsin levels and found no significant differences
(WT, 26.35 μg/mg total protein; tg, 26.32 μg/mg total
protein; T-Test p > 0.99; ANOVA WT vs tg F(1,11) = 5.32,
p > 0.73 rhodopsin vs total protein F(1,11) = 5.32, p > 0.18).
Thus, the ROS volume is 19% smaller but protein levels
are constant meaning the disks will be crowded with
19% more protein, mostly rhodopsin, extra GARP2 and
PDE6G.
The basal rate of PDE6 activation is determined by the

state of its two γ-subunits. In darkness, the γ-subunits
are in an inhibitory confirmation. When rhodopsin ac-
tivates transducin-α (T*), T* then displaces the PDE6
γ-subunits to activate PDE6 catalytic activity. In dark-
ness, the γ-subunits can spontaneously change con-
formation without transducin, which also allows the
PDE6 enzyme to hydrolyze cGMP. In an in vitro ex-
periment, WT GARP2 was shown to silence 80% of the
basal activity of PDE6 in the dark [18], by binding to
the PDE6 γ-subunit [19]. Also, GARP2:PDE6 stoichi-
ometry was determined to be 1:1 in WT rods [18]. A
1:1 ratio suggests that GARP2 silences one γ-subunit
at a time, allowing the other subunit to spontaneously
activate the enzyme. The exquisite sensitivity of rods is
achieved due to a very low level of background, or
“dark noise” [36,37]. The continuous aspect of this
noise is generated in part by a basal level of spontan-
eous activity of PDE6 [38]. Pentia et al. [18] have pro-
posed that GARP2 can reduce this noise in rods by
quieting PDE6 through an interaction with the PDE6
γ-subunit. In the transgenic rods, excess GARP2 could
be inhibiting a larger proportion of the PDE6 γ-subunits,
thus decreasing spontaneous PDE6 activation. Such an
interaction would decrease the frequency of fluctuations
in cGMP levels and reduce the continuous noise compo-
nent in the cells. It is unknown if such a decrease in noise
would translate to the increase in gain that we detected in
this study. However, lower basal PDE6 activity could facili-
tate a faster activation phase from T* simply by increasing
the probability that T* would collide with a completely in-
active PDE6 molecule. The concomitant increase in levels
of PDE6 γ-subunit determined in this study with elevated



Figure 6 Analysis of gain in single rod photoreceptors. (A) A family of responses from an exemplary WT rod, with stimuli activating 0.4-660
R*/flash. (B) Rising phases of the cell in (A) representing the global fits estimating gain using equation (3). Gain for this cell was 5.8 s−2. (C) A family of
responses from a tg rod with stimulating activity 1.3-615 R*/flash. (D) Rising phases of the cell in (C) representing the global fits estimating gain using
equation (3). Gain for this cell was 17.3 s−2.

Figure 7 Pepperberg plots of the dominant time constant of recovery (τD) for single cell recordings. By plotting saturation time at 75%
recovery against the ln of photon density, the slope of a linear fit reveals the dominant time constant of recovery. Each point represents the
average of WT n = 29 and tg n = 13 cells. WT, τD = 165 ± 1.4 ms and tg, τD = 209 ± 10 ms.
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GARP2 (Figure 1D,E) are consistent with a proposed role
for PDE6 γ-subunit/GARP2 interaction [19]. Thus, the ac-
tual effect of GARP2 on increasing gain could have been
more pronounced, if PDE6 γ-subunit levels were not also
elevated. Excess PDE6 γ-subunit in transgenic rods by
itself reduces phototransduction gain [20], but the GARP2
to PDE6 γ-subunit ratio in our transgenic rods is
strongly tilted in favor of GARP2 and is thus consist-
ent with the idea that excess GARP2 increases photo-
transduction gain.
Altered disk spacing or changes in the levels of photo-

transduction proteins, could affect phototransduction gain
[39]. To address disk spacing we measured the spacing be-
tween disks in high magnification TEM images in WT
and tg mice and found no difference in spacing between
disks (Additional file 3: Figure S3), consistent with disk
spacing not being a factor in the observed increase in gain.
Another possible mechanism is GARP2 channel gating
inhibition reducing spontaneous channel openings [15].
This interaction could be important in reducing dark
noise in the tg mice as more GARP2 would be available
for channel binding leading to increased gain. As yet, the
exact mechanism for the increase in gain and the relative
roles of PDE6 and channel inhibition by GARP2 remains
unknown.
Our second significant finding was that overexpression

of GARP2 increased the dominant time constant of recov-
ery (τD). Decreased rhodopsin concentration was reported
to lead to faster response recovery [40], suggesting that
the opposite, increased rhodopsin, could slow recovery.
While we found no change in rhodopsin levels measured
spectrophotometrically and normalized to total retina pro-
tein, it may be that increased rhodopsin density in the disk
could play a part in extended R* lifetime.
The rate limiting step of saturated photoresponse recov-

ery has been determined to be inactivation of T* by the
Regulator of G-protein Signaling (RGS) complex [32,34].
The RGS complex catalyzes the conversion of T*-GTP to
T*-GDP, which allows the γ-subunits of PDE6 to reinstate
their inhibition, the step that ultimately turns off the cata-
lytic activity of PDE6 allowing the cyclase to restore cGMP
levels and thus end the light response [41]. Based on
the established interaction between GARP2 and PDE6
[18,19], the overabundance of GARP2 may be interfer-
ing with the rate at which the RGS complex can shut
off T* in the activated PDE6 complex. Alternatively,
excessive GARP2 binding to the γ-subunits may slow
the rate at which they re-associate with the PDE6 catalytic
subunits. In either case, GARP2 is likely to be influencing
PDE6 shutoff in WT rods. Consistent with this hypoth-
esis, PDE6 γ overexpression shows a reduction in τD, the
opposite effect from what we observed with GARP2 over-
expression (WT: τD = 205 ms; rods overexpressing PDE6
γ-subunit: τD = 91 ms [20]).
The rod photoresponse is also regulated by calcium
feedback pathways [42]. Remarkably, due to their charged
nature, GARP proteins can bind millimolar levels of Ca2+

with low affinity [43], and therefore may be involved in
regulating intracellular calcium levels. It is tempting to
propose a model where excess GARP2 in the transgenic
rods may be acting as a Ca2+ buffer, thus affecting the
Ca2+ feedback pathways. However, without actual meas-
urement of internal calcium changes in response to light,
precise conclusions cannot be made.

Conclusions
In summary, the striking finding of this study is that
GARP2 expression can influence phototransduction acti-
vation and recovery. For whole animal ERG, fitting the
rising phase of the a-wave to the rod phototransduction
model [27,44] showed an increase in the gain or effi-
ciency of phototransduction. This result was confirmed
in isolated retina ERG and in suction electrode record-
ings of single cells. Our findings establish a role for
GARP2 in the phototransduction cascade where it regu-
lates response kinetics, likely through its interaction with
PDE6. Further studies are underway to further clarify
the role of GARP2 through the generation of a rod spe-
cific GARP2 knockout mouse.

Methods
Production of GARP2 transgenic mice
All animal procedures were approved by the Institutional
Animal Care and use Committee of the University of
Alabama at Birmingham (UAB). Transgenic mice were
generated in the Embryonic Stem Cell and Transgenic
Core Facility at UAB. First strand cDNA was isolated from
WT mouse retina as described in the next section. GARP2
cDNA was PCR amplified from the first strand cDNA
using the following primer pairs: Forward 5′-AGTCCTC
GAGAGCTGCTGGGGCACTGAGAAGG-3′ and Reverse
5′-TGCATGATCAGAGGCCTCCAGCTGCTGTCGCCC
TCAGATCCTCTTCTGAGATGA-GTTTTTGTTCGGT
CTGTACGTCACACATCCCAGGG-3′. A c-myc epi-
tope sequence was engineered between GARP2 exons 12
and 12a to differentiate the transgenic from the WT
GARP2 expression. The vector backbone used for gener-
ating the tg construct was assembled from the PDE6G tg
construct [21] containing the 4.4 kb mouse opsin pro-
moter [22] and the polyadenylation signal of the mouse
protamine gene [23]. The PDE6G cDNA was excised
using BamHI restriction enzyme and replaced with GARP2
cDNA using compatible restriction sites. The GARP2-myc
coding region was bi-directionally sequenced using Ap-
plied Biosytems automated DNA sequencing at the core
facility of the UAB Heflin Center for Genomic Science.
The tg was excised from the plasmid backbone using KpnI
and XbaI, purified with QIAquick Gel extraction kit
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(Qiagen), microinjected into C57BL/6 J mouse embryos
and implanted into pseudo-pregnant females. Transgenic
founder progeny were identified by PCR-based genotyping
of tail genomic DNA. A 679 bp PCR product spanning
the junction between the rhodopsin promoter and the
transgene was used to identify the transgenic mice.
Primers used were Forward: 5′-GCTGGTCCCAGCCT
TCAAGAGA-3′ (SP3) and Reverse: 5′-CTCTTCTGA
GATGAGTTTTTGTTCGGTC-3′ (ASP3). PCR was per-
formed using an initial denaturation of 94°C for 5 min,
followed by 35 cycles of amplification 94/62/72°C for 45/
45/60s followed by a final extension at 72°C for 5 min.
Founder mice were individually crossed to C57BL/6 J
mice to establish separate transgenic lines. All mice
used in the experiments were obtained by crossing a
transgenic male with C57BL/6 J females. All experi-
mental Garp2 transgenic mice were heterozygous for
the transgene insertion; non-transgenic littermates were
used as controls.

RNA isolation and reverse transcription PCR
Total RNA was isolated from 1 month old mice (Versagene
RNA tissue kit, Gentra Systems), digested with DNaseI and
quantitated with ND-1000 spectrophotometer (Nanodrop,
Thermo Scientific). Primer sequences were designed in-
house with Vector NTI v.10 (Invitrogen). Briefly, 1 μg total
RNA was reverse transcribed with Improm-II Reverse
Transcriptase (Promega) using random decamers and
oligo-dT primers. PCR was performed under standard
conditions using 1–2 μl of five-fold diluted first strand
cDNA. PCR primers spanned the GARP2-myc junction
to distinguish transgenic transcripts from WT. The PCR
reactions were repeated three times and analyzed by agar-
ose gel electrophoresis.
Generation of custom GARP polyclonal antibodies-

Garp-N antibody was generated in chicken against the
most N-terminal 15 amino acids of human GARP protein.
The antibodies were purified from the egg yolks using an
IgY purification kit and used for immunoblot and immu-
nolocalization. A GARP2 C-terminal specific antibody
was generated in rabbit against the last 12 amino acids
(Genscript USA, Inc.). Production bleeds were analyzed
with ELISA. Serum from rabbit 463 was used in immuno-
blot and immunolocalization experiments.

SDS-PAGE and immunoblot analysis
Retinas were homogenized in 10 mM Tris (pH 7.5) con-
taining 0.5% Triton X-100 and Mammalian tissue Protease
Inhibitor Cocktail (Sigma-Aldrich). Cellular debris was re-
moved by centrifugation at 1000 × g for 10 minutes at 4°C
and the supernatant was used for Western blotting. Pro-
tein concentration was determined using 2-D Quant kit
(Amersham/GE Life Sciences) using bovine serum albu-
min as a standard. Equal amounts of protein from each
sample was fractionated on 10% SDS-PAGE (Bio-Rad)
and transferred to polyvinylidene difluoride membrane
(Amersham/GE Life Sciences) using semi-dry or wet trans-
fer apparatus (Bio-Rad). After blocking in 2% ECL Advance
blocking agent (Amersham/GE Life Sciences), the mem-
branes were incubated overnight at 4°C with primary
antibodies rabbit polyclonal PDE6A (1:1000 dilution,
AbCam), mouse monoclonal PDE6G (A-2; 1:200 dilu-
tion, Santacruz Biotechnologies), goat polyclonal PER2
(1:1000, Santacruz Biotechnology), goat polyclonal Guany-
late cyclase 1 (1:1000, Santacruz Biotechnology), chicken
polyclonal Garp-N (1:10000), mouse monoclonal CNGA1
(1:1000, from Robert Molday) or β-actin (1;10000, Gen-
script). Finally, the blots were incubated for 1 hour with the
cognate horseradish peroxidase labeled secondary antibodies
(Santacruz Biotechnology) and detected with ECL Advance
Chemiluminescence detection kit (Amersham/GE Life
Sciences). The blots were imaged with Typhoon Trio
laser scanning imager (GE Life Sciences). Each experi-
ment was performed at least in triplicate. Densitomet-
ric analysis of each stained band was performed with
Image quant software (GE Life Sciences). After per-
forming background correction, the data for each pro-
tein of interest were normalized to β-actin as a loading
control. The results were averaged across at least three
experiments. Statistical analysis and graphs were per-
formed in Microsoft Excel. All data are shown as ±
standard error.

Spectrophotometric determination of rhodopsin
concentration
Retina samples (WT, n = 3; tg n = 3) were maintained in
the dark or under dim red light for the entire procedure.
Mice were dark adapted overnight, eyes were enucleated,
retinas dissected with care to minimize RPE contamin-
ation and placed in 200 μl 10% Chaps, mixed by repeated
pipetting, 200 μl Chaps was added and the sample mixed
again by repeated pipetting 10×. The solution was centri-
fuged 1.5 minutes at 15,000 rpm and kept in foil on ice to
prepare a Varian Cary 50 Bio UV/Visible Spectrophotom-
eter to measure the concentration. The absorbance at
500 nm of a 150 μl aliquot of each sample was deter-
mined and the concentration was calculated according
to Beer-Lambert Law, Α = εcl where A is absorbance (as
measured), ε is the extinction coefficient (42,700 cm−1,
c is concentration (calculated), and l is the path length
(1 cm). To normalize to total protein content, protein
concentration was determined from the same samples
used for rhodopsin analysis. From the 10% Chaps sample
1 μl was removed for protein assay using a commercial
Bradford assay (Bio-Rad Protein Assay). Error was calcu-
lated as standard deviation and rhodopsin concentration
and total protein groups were compared by two factor
ANOVA in Excel 2010.
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Immunofluorescence and confocal microscopy
Mouse eyes were harvested in ambient light and fixed in
4% paraformaldehyde containing 5% sucrose in 0.1 M
phosphate buffer (pH 7.4) for 4 hours and cryoprotected
in 20% sucrose as described [45]. Sections of 8–10 μm
thickness taken with CM3050S cryostat (Leica) were
dried at room temperature, blocked and permeabilized
in 0.1 M phosphate buffer containing 10% goat serum
and 0.2% Triton X-100 for 30 minutes. Primary and sec-
ondary antibodies were diluted in labeling buffer (2.5%
goat serum and 0.1% Triton X-100 in 0.1 M phosphate
buffer). The sections were labeled overnight at 4°C with
primary antibodies mouse monoclonal anti-c-myc (1:1000,
Molecular Probes/Invitrogen); chicken polyclonal anti-
Garp-N (1:1000); rabbit polyclonal anti-Garp-C (1:100);
mouse monoclonal anti-rhodopsin (1:1000, Santacruz Bio-
technology); rabbit polyclonal anti-PDE6G (1:100, Thermo
Fisher); mouse monoclonal anti-PER2 (1:50, Robert Mol-
day) and mouse monoclonal anti-CNGA1 (1:100, Robert
Molday). The sections were then labeled with appropri-
ately diluted goat anti-mouse, anti-rabbit and anti-chicken
Alexa 488 (green) or Alexa 594 (red) secondary antibodies
(Molecular Probes/Invitrogen). The sections were also in-
cubated with chicken IgY, mouse and rabbit IgG and sec-
ondary antibodies alone at the same dilutions as that used
with the primary antibodies to serve as controls. The slides
were cover slipped with Ultracruz Mounting Medium
(Santacruz Biotechnology) containing DAPI for nuclear
localization and visualized with 40× 1.3 na and 63× 1.4
na oil immersion objectives on a Zeiss LSM 710
Inverted Confocal Laser Scanning microscope, software
Zen 2008 4.7.2 (UAB High Resolution Imaging Facility).

Light and transmission electron microscopy
Mouse eyes were enucleated following euthanasia with
5% isoflurane and decapitation. The eyes were oriented
with Tissue marker dyes (Richard-Allan Scientific) and
fixed in 2% paraformaldehyde; 2.5% glutaraldehyde in
0.1 M sodium cacodylate buffer for 1 hour. The anterior
segment and lens was removed and secondary fixation
was performed in 1% osmium tetroxide and 0.125% po-
tassium ferrocyanide in 0.1 M sodium cacodylate buffer
for 2 hours in dark followed by dehydration in a graded
series of alcohol. The eyes cups were then transitioned
to propylene oxide and embedded in Embed 812 resin
(Electron Microscopy Sciences). Light microscope sec-
tions were cut at 0.8 μm thickness, stained with 0.1%
Toluidine blue (Electron Microscopy Sciences) and
photographed with Axioplan 2 upright microscope using
Axiocam MRc5 digital camera and Axiovision 4.6.3 software
(Zeiss). Ultrathin sections (80–90 nm) were mounted
on copper grids (Electron Microscopy Sciences) and
photographed with a JEOL 1200 electron microscope
(JEOL).
Morphometric and statistical analysis
Measurements were done according to Wu et al. [46]
with minor modifications as follows. Thickness of ONL
and length of ROS layers was measured from Toluidine
blue stained 0.5 μm epon sections imaged on an Axio-
plan 2 microscope as noted above. Measurements were
performed along equally spaced intervals from the optic
nerve in Adobe Photoshop CS4. Morphometric analyses
were performed on 1 month old WT (n = 5) and tg (n = 4)
samples. ROS length was measured in ultrathin TEM
samples from the distal end of the inner segment to the
tip of the outer segment at 7500× magnification using ul-
trathin sections (WT, n = 112; tg, n = 121) rods. For these
measurements, we selected regions that were half-way be-
tween the central and peripheral retina. Only ROS that
were apparent from the base to the tip were measured,
disregarding any that appeared twisted or obscured by
other cells or debris. Outer segment widths were mea-
sured at 5000× in 10 separate fields for 3 tg (n = 327) and
2 WT (n = 237) 30 day old mice. Total numbers of nuclei
were manually counted from 3 equally spaced 50 um2

regions in the photoreceptor nuclear layer, located at
0.5 mm intervals on either side of the optic nerve (WT
n = 5; tg n = 4). Disk spacing across three disks was
measured directly (WT, n = 4; tg, n = 5) on high magni-
fication TEM images (75 K to 200 K) using imageJ. To
measure disk spacing three non-overlapping regions
from each image not containing the same disks (~75 to
100 μm2) were used to measure the distance across
three disks from the beginning of the outer membrane
of one disk to the end of the outer membrane of the
third disk. Prior to measurement images were uni-
formly sharpened in Photoshop V. 6 and processed for
measurement in ImageJ 64 by setting the set scale
function based on the TEM scalebar. Measurements
were exported to Excel 2010 for averaging and statis-
tics. Measurements were only made in regions where
each disk was clearly discernable and disk spacing was
uniform in the measured region. Three different disk
regions were measured in each image and averaged for
WT (n = 4) and tg (n = 5). Average three disk distance
was for WT 0.092 ± 0.008 μm, and for tg 0.086 ±
0.005 μm; P > 0.17. Statistical significance for all mea-
surements was determined by unpaired t-test in MS
Excel with error expressed as standard error of the
mean (SEM) or standard deviation (SD) as noted in
the text.

Electroretinography
All mice were maintained on a 12/12 hr light/dark cycle
in the UAB animal facilities. Wild type and transgenic
mice (n = 8 each) were dark adapted overnight and anes-
thetized with ketamine (IVX Animal Health) at 90.9 μg/g
and xylazine (Lloyd Laboratories) at 9 μg/g bodyweight.
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The corneas were anesthetized with 0.5% proparacaine
(Bausch & Lomb); the pupils were dilated with 2.5%
phenylephrine (Ocusoft Inc.) and 1% tropicamide (Alcon
Laboratories). Mice were kept warm by placing on a 37°C
heated gel pad (Braintree Scientific) inside a Faraday cage.
Electrical contact was maintained between the corneal
surface and the recording electrode by 2.5% methylcellu-
lose (Goniosol; Ciba Vision). ERG was recorded from the
left eye using a platinum wire electrode built into the tip
of a fiber optic cable. A gold reference electrode was
placed on the right eye. The light source was a 100 W
halogen bulb (Xenophot HLX 64623; Osram) driven by a
constant power source (ATE 15-15 M; Kepco Power Sup-
plies). Stimuli consisted of either 2 or 10 ms light flashes
of light (505 nm bandpass filter ± 17 nm, Andover Corp.).
Flashes of varying intensities were delivered by attenuating
the above light source with neutral density filters. To ob-
tain the brightest light levels, a camera flash unit was used
to deliver flashes corresponding to 6.5 log photons/μm2

and 8.75 log photons/μm2. Responses were averaged over
3–20 flashes for each flash intensity, with inter stimulus
intervals ranging from 2.2 to 300 sec. Experiments were
conducted over a total duration of 35–45 min. Light stim-
uli were calibrated daily using a photometer (Model 350
optical power meter, UDT instruments) and the results of
the calibration informed calculations of light intensity.
Sensitivity was calculated as the I1/2 of the intensity-

response curve when the a-wave data were fit to a modi-
fied Michaelis-Menten equation:

R ¼ Rmax• I
n = ðIn þ I1=2

n Þ þ base ð1Þ

where R is the amplitude of the a-wave, Rmax is the
maximum amplitude of the a-wave, I is the flash energy
(photons/μm2), I1/2 is the flash energy that elicits the a-
wave amplitude of half Rmax and n is an exponent, which
is a dimensionless scaling parameter [47-49].
For photocurrent activation measurement, light inten-

sities recorded as photons/μm2 incident at the cornea
were converted to photoisomerizations/rod/second (Rh*)
by using a corneal collection area of 0.102 μm2 for wild-
type [50] and 0.091 μm2 for tg, based on an average outer
segment length of 27.0 μm and 21.9 μm respectively. Data
was amplified 2000×, AC filtered at 0.1 Hz high-pass and
300 Hz low-pass, digitized at 2 KHz and was analyzed by
Labview (National Instruments) and IGOR PRO (Wave-
metrics). To calculate phototransduction gain, we fit the
leading edge of the a-wave up to the inflection point of
the curve, using the model of phototransduction defined
by the equation [27]:

f tð Þ ¼ 1 – exp ‐0:5 • ϕ • Ag t ‐ tdelay
� �2h in o

• amax

ð2Þ
where f(t) is the a-wave response, is the flash intensity
expressed in photoisomerizations per rod. Ag is photo-
transduction gain that scales flash intensity; tdelay is a
brief delay due to the biochemical steps of the photo-
transduction activation process, and amax is the max-
imum amplitude of the a-wave. For each animal, the rod
model was fit to a family of responses to flash intensities
from 2.96 to 5.4 log photons/μm2 incident light (90 –
25,000 R*/flash). Responses to flashes greater than 5.4
log photons/μm2 contained a cone component and thus
were not used for curve fitting.

Analysis of single cell and isolated retina tissue responses
For single cell suction electrode recordings, mice were
dark adapted at least 3 hours prior to enucleation under
IR illumination. Details of the recording procedure have
been reported previously [51,52] with modification [53].
Gain calculations were only performed on cells in which
single photon responses were measured, from which col-
lecting areas (Ac) were calculated (Ac range: WT =
0.105 ± 0.014 μm2, n = 20; tg = 0.085 ± 0.019 μm2, n = 13;
p 0.3). Gain calculations were performed using a modi-
fied Equation 2.

f tð Þ ¼ 1‐exp ‐0:5 • Ag • Ac • ϕ • t‐tdelay
� �2h in o

• Rmax ð3Þ

Where f(t) is the single cell response, Ag is phototrans-
duction gain in s−2, Ac is the collecting area of the cell
in μm2, derived from the single photon response [51],
and ϕ is the photon density of the flash that elicited the
response, in photons/μm2. The single photon response
was measured without assumptions of collecting area.
The variance to mean ratio was calculated for a large
series of responses to brief flashes (typically 40–50) of
dim light. From this analysis, along with the calibration
of the light stimuli for each individual cell, the collecting
area for each cell was calculated. This collecting area
value was applied to all stimuli to estimate numbers of
absorbed photons, which was used to estimate I1/2 and
in the gain-fitting equation 3. For isolated retinal tissue,
mice were dark adapted at least 3 hours prior to enucle-
ation under IR illumination. The retina was isolated in
HEPES buffer containing 10 mM BaCl2, and retina was
embedded in a grease ring, photoreceptor side up, and
held in place by a circular piece of filter paper with a
2 mm diameter hole in the center. Electrical connectivity
was made with two silver chloride pellets; one embedded
in the chamber adjacent to the nerve fiber layer, and the
second adjacent to the solution flowing over the tissue.
The retina was perfused with a 37°C bicarbonate buff-
ered Locke’s solution that included 10 mM D/L aspar-
tate and 25 μM (2S)-2-amino-4-phosphonobutanoic acid
(AP-4). These selective inhibitors blocked transmission
of the photoreceptor signal to the on-bipolar cells. Flow



Sarfare et al. Cell Communication and Signaling 2014, 12:67 Page 14 of 15
http://www.biosignaling.com/content/12/1/67
rate was held at 1 ml/minute. Additionally, the bath res-
ervoir was bubbled with a 95/5 mixture of O2/CO2 to
maintain the pH of the perfusion solution at 7.5. Data
was collected as in ERG recordings. Gain fits were per-
formed only on responses to dim flashes that contained
no apparent cone components.
Statistical analysis
Two-tailed Student’s t-tests performed in Excel 2010 were
used to determine statistical significance in all compari-
sons unless otherwise noted. Error is expressed as stand-
ard error of the mean or standard deviation as noted in
the text. Analysis of rhodopsin concentration required
two-way ANOVA performed in MS Excel 2010.
Additional files

Additional file 1: Figure S1. Localization of GARP2 with C-terminal
GARP2-specific antibodies in (A) WT and (B) tg mouse retina. Antibodies
(GARP-C, see Methods) were generated against the unique 8 amino
acid C-terminal sequence of GARP2 (RATAAGGL) and used for
immunohistochemistry. GARP2 predominantly localizes in ROS in
both WT and tg retinas. Minor labeling is also apparent in the outer
plexiform layer in the tg retina which probably reflects the overexpression
of GARP2 in the transgenic mouse as the ROS labeling also appears more
intense in the tg retina.

Additional file 2: Figure S2. ERG amplitudes for WT (black) and tg
(red). (A) average a-wave responses with increasing stimulus intensity.
The maximum a-wave in the tg animals was decreased compared to WT,
likely due to shortened outer segments. (B) a-wave responses fit with
equation (1) to estimate photoreceptor sensitivity. WT and tg responses
are fit with similar I1/2 value. (C-D) same as (A-B) for b-wave amplitudes.

Additional file 3: Figure S3. Measurement of disk spacing across three
disks in (A) WT (n = 4) and (B) tg (n = 5) mouse rod outer segment TEM
images. Retina EM samples photographed at original magnifications of
75,000 to 200,000 were used to measure the distance across three
complete disks in five locations on each image. (A) WT retina showing
one region of rod outer segment used for measuring (orig. mag. 75,000,
scale bar 500 nm). Inset shows an enlarged image of the boxed segment
below. (B) tg retina showing a region of rod outer segment (orig. mag.
x75,000, scale bar 500 nm). Inset shows one enlarged region used for
measuring that is boxed below. (C) Individual measurements for each
image were averaged and the average of all disk measurements for each
genotype is shown in the bar graph. Error is reported in standard
deviation. No significant difference (p > 0.16) in disk spacing was
observed.
Abbreviations
Ac: Collecting area of the cell; Ag: Measure of phototransduction gain;
CNG: Cyclic nucleotide gated; CNGA1: Rod cyclic nucleotide gated cation
channel α-subunit; CNGB1: Rod cyclic nucleotide gated cation channel β-subunit;
ERG: Electroretinography; GARP: Glutamic acid rich protein; GC1: Rod guanylate
cyclase I; tg: Mouse strain containing transgene overexpressing GARP2; ONH: Optic
nerve head; ONL: Outer nuclear layer; PDE6: 3′, 5′ cGMP phosphodiesterase type 6;
PDE6G: 3’, 5’ cGMP-phosphodiesterase type 6 γ-subunit; PER2: Peripherin2/RDS
protein; ROS: Rod outer segment; spr: single photon response amplitude;
T*: Activated transducin; Ti: Integration time; Tp: Time-to-peak; τD: Dominant time
constant.
Competing interests
All authors declare that they have no competing interests.
Authors’ contributions
SS performed many of the experiments, wrote the first draft of the ms and
has been involved in all subsequent versions; AM performed and analyzed
the isolated tissue and single cell suction electrode recording experiments
and was involved in the writing, interpretation and preparation of figures of
electrophysiological data; JM performed the processing of TEM specimens
for light level microscopy and disk spacing measurements and did all TEM
processing and TEM microscope use and photography and was involved in
writing the descriptions of all histologic data; Glen Rubin performed some of
the ERGs and did the IGOR analysis and was involved in discussion of the
results; HW maintained the mice and did the PCR genotyping and prepared
some sections of the ms; TWK performed the initial single cell suction
electrode recordings, prepared the figures with SS, AM and SJP and was
involved in the data collection, discussion and writing; SJP conceived of the
project, performed some of the data collection, prepared several figures, was
the primary writer of the ms, and was involved in all data collection,
discussion and analysis. All authors read and approved the final manuscript.

Acknowledgements
We thank Dr. Chris Strang and Susan Vogt for assistance in cryosectioning
and microscopy, Shawn Williams and the UAB High Resolution Imaging
Facility for assistance with confocal microscopy, Jordan Rockwell for
assistance with ERG analysis, Lindsey Deckard for assistance with some early
mice breeding and genotyping, Drs. Youwen Zhang and Sai Sai Dong for
PDE6G quantitative Western analysis, and Drs. Marci Smith and Sai Sai Dong
for determination of rhodopsin concentrations with assistance from Evan
Boitet and Dr. Alecia K. Gross. It is with much gratitude that we acknowledge
a critical review of the manuscript by Dr. Clint Makino, Harvard Medical
School. This work was supported by NIH grant RO1 EY018143-06 to SJP,
the UAB Vision Science Research Center, a Vision Science Core Grant P30
EY03039-35, and by funds from the Department of Vision Sciences to SJP.

Author details
1Department of Vision Sciences, University of Alabama at Birmingham,
Birmingham, AL 35294-0019, USA. 2Current address: Department of
Ophthalmology, College of Medicine, University of Florida College of
Medicine, Gainesville, Florida, USA. 3Department of Ophthalmology,
University of Alabama at Birmingham, Birmingham, AL 35294-0019, USA.
4Impulse Monitoring, Inc., 10420 Little Patuxent Pkwy, Suite 250, Columbia,
Maryland 21044, USA. 5Current address: Department of Pathology, Division of
Molecular and Cellular Pathology, Birmingham, AL 35294, USA.

Received: 15 May 2014 Accepted: 2 October 2014

References
1. Korenbrot JI: Speed, sensitivity, and stability of the light response in rod

and cone photoreceptors: facts and models. Prog Retin Eye Res 2012,
31:442–466.

2. Rieke F, Baylor DA: Origin and functional impact of dark noise in retinal
cones. Neuron 2000, 26:181–186.

3. Fu Y, Yau KW: Phototransduction in mouse rods and cones. Pflugers Arch
2007, 454:805–819.

4. Luo DG, Yau KW: Rod sensitivity of neonatal mouse and rat. J Gen Physiol
2005, 126:263–269.

5. Yau KW, Hardie RC: Phototransduction motifs and variations. Cell 2009,
139:246–264.

6. Zheng J, Trudeau MC, Zagotta WN: Rod cyclic nucleotide-gated channels
have a stoichiometry of three CNGA1 subunits and one CNGB1 subunit.
Neuron 2002, 36:891–896.

7. Zhong H, Molday LL, Molday RS, Yau KW: The heteromeric cyclic
nucleotide-gated channel adopts a 3A:1B stoichiometry. Nature 2002,
420:193–198.

8. Weitz D, Ficek N, Kremmer E, Bauer PJ, Kaupp UB: Subunit stoichiometry of
the CNG channel of rod photoreceptors. Neuron 2002, 36:881–889.

9. Ardell MD, Aragon I, Oliveira L, Porche GE, Burke E, Pittler SJ: The beta
subunit of human rod photoreceptor cGMP-gated cation channel is
generated from a complex transcription unit. FEBS Lett 1996, 389:213–218.

10. Colville CA, Molday RS: Primary structure and expression of the human
beta-subunit and related proteins of the rod photoreceptor cGMP-gated
channel. J Biol Chem 1996, 271:32968–32974.

http://www.biosignaling.com/content/supplementary/s12964-014-0067-5-s1.tiff
http://www.biosignaling.com/content/supplementary/s12964-014-0067-5-s2.tif
http://www.biosignaling.com/content/supplementary/s12964-014-0067-5-s3.tiff


Sarfare et al. Cell Communication and Signaling 2014, 12:67 Page 15 of 15
http://www.biosignaling.com/content/12/1/67
11. Ardell MD, Bedsole DL, Schoborg RV, Pittler SJ: Genomic organization of
the human rod photoreceptor cGMP-gated cation channel beta-subunit
gene. Gene 2000, 245:311–318.

12. Korschen HG, Illing M, Seifert R, Sesti F, Williams A, Gotzes S, Colville C,
Muller F, Dose A, Godde M, Molday LL, Kaupp UB: A 240 Kda Protein
Represents the Complete Beta-Subunit of the Cyclic Nucleotide-Gated
Channel from Rod Photoreceptor. Neuron 1995, 15:627–636.

13. Batra-Safferling R, Abarca-Heidemann K, Korschen HG, Tziatzios C, Stoldt M,
Budyak I, Willbold D, Schwalbe H, Klein-Seetharaman J, Kaupp UB: Glutamic
acid-rich proteins of rod photoreceptors are natively unfolded. J Biol
Chem 2006, 281:1449–1460.

14. Korschen HG, Beyermann M, Muller F, Heck M, Vantler M, Koch KW, Kellner R,
Wolfrum U, Bode C, Hofmann KP, Kaupp UB: Interaction of glutamic-acid-rich
proteins with the cGMP signalling pathway in rod photoreceptors.
Nature 1999, 400:761–766.

15. Michalakis S, Zong X, Becirovic E, Hammelmann V, Wein T, Wanner KT, Biel M:
The glutamic acid-rich protein is a gating inhibitor of cyclic nucleotide-gated
channels. J Neurosci 2011, 31:133–141.

16. Poetsch A, Molday LL, Molday RS: The cGMP-gated channel and related
glutamic acid-rich proteins interact with peripherin-2 at the rim region
of rod photoreceptor disc membranes. J Biol Chem 2001, 276:48009–48016.

17. Sugimoto Y, Yatsunami K, Tsujimoto M, Khorana HG, Ichikawa A: The amino
acid sequence of a glutamic acid-rich protein from bovine retina as deduced
from the cDNA sequence. Proc Natl Acad Sci U S A 1991, 88:3116–3119.

18. Pentia DC, Hosier S, Cote RH: The glutamic acid-rich protein-2 (GARP2) is
a high affinity rod photoreceptor phosphodiesterase (PDE6)-binding protein
that modulates its catalytic properties. J Biol Chem 2006, 281:5500–5505.

19. Yao W, Cote RH: Regulation of photoreceptor phosphodiesterase (PDE6)
by the rod photoreceptor-specific glutamic acid-rich protein 2 (GARP2).
FASEB J 2013, 27:1.

20. Tsang SH, Woodruff ML, Chen CK, Yamashita CY, Cilluffo MC, Rao AL, Farber DB,
Fain GL: GAP-independent termination of photoreceptor light response by
excess gamma subunit of the cGMP-phosphodiesterase. J Neurosci 2006,
26:4472–4480.

21. Tsang SH, Burns ME, Calvert PD, Gouras P, Baylor DA, Goff SP, Arshavsky VY:
Role for the target enzyme in deactivation of photoreceptor G protein
in vivo. Science 1998, 282:117–121.

22. Lem J, Applebury ML, Falk JD, Flannery JG, Simon MI: Tissue-specific and
developmental regulation of rod opsin chimeric genes in transgenic
mice. Neuron 1991, 6:201–210.

23. Johnson PA, Peschon JJ, Yelick PC, Palmiter RD, Hecht NB: Sequence
homologies in the mouse protamine 1 and 2 genes. Biochim Biophys Acta
1988, 950:45–53.

24. Michon JJ, Li ZL, Shioura N, Anderson RJ, Tso MO: A comparative study of
methods of photoreceptor morphometry. Invest Ophthalmol Vis Sci 1991,
32:280–284.

25. LaVail MM: Kinetics of rod outer segment renewal in the developing
mouse retina. J Cell Biol 1973, 58:650–661.

26. Nickell S, Park PS, Baumeister W, Palczewski K: Three-dimensional
architecture of murine rod outer segments determined by cryoelectron
tomography. J Cell Biol 2007, 177:917–925.

27. Lamb TD, Pugh EN Jr: A quantitative account of the activation steps
involved in phototransduction in amphibian photoreceptors. J Physiol
1992, 449:719–758.

28. Hood DC, Birch DG: Assessing abnormal rod photoreceptor activity
with the a-wave of the electroretinogram: applications and methods.
Doc Ophthalmol 1996, 92:253–267.

29. Vinberg F, Koskelainen A: Calcium sets the physiological value of the
dominant time constant of saturated mouse rod photoresponse
recovery. PLoS One 2010, 5:e13025.

30. McKeown AS, Kraft TW: Adaptive potentiation in rod photoreceptors after
light exposure. J Gen Physiol 2014, 143:733–743.

31. He W, Cowan CW, Wensel TG: RGS9, a GTPase accelerator for
phototransduction. Neuron 1998, 20:95–102.

32. Krispel C, Chen D, Melling N, Chen Y, Martemyanov K, Quillinan N, Arshavsky
V, Wensel T, Chen C, Burns M: RGS expression rate-limits recovery of rod
photoresponses. Neuron 2006, 51:409–416.

33. Tsang SH, Woodruff ML, Janisch KM, Cilluffo MC, Farber DB, Fain GL:
Removal of phosphorylation sites of gamma subunit of phosphodiesterase
6 alters rod light response. J Physiol 2007, 579:303–312.
34. Pepperberg D, Cornwall M, Kahlert M, Hofmann K, Jin J, Jones G, Ripps H:
Light-dependent delay in the falling phase of the retinal rod
photoresponse. Vis Neurosci 1992, 8:9–18.

35. Lamb TD: Gain and kinetics of activation in the G-protein cascade of
phototransduction. Proc Natl Acad Sci U S A 1996, 93:566–570.

36. Barlow HB: Increment thresholds at low intensities considered as signal/
noise discriminations. J Physiol 1957, 136:469–488.

37. Barlow RB, Birge RR, Kaplan E, Tallent JR: On the molecular origin of
photoreceptor noise. Nature 1993, 366:64–66.

38. Rieke F, Baylor DA: Molecular origin of continuous dark noise in rod
photoreceptors. Biophys J 1996, 71:2553–2572.

39. Pugh EN Jr, Lamb TD: Amplification and kinetics of the activation steps in
phototransduction. Biochim Biophys Acta 1993, 1141:111–149.

40. Makino CL, Wen XH, Michaud NA, Covington HI, DiBenedetto E, Hamm HE,
Lem J, Caruso G: Rhodopsin expression level affects rod outer segment
morphology and photoresponse kinetics. PLoS One 2012, 7:e37832.

41. Guo LW, Ruoho AE: N-terminal half of the cGMP phosphodiesterase
gamma-subunit contributes to stabilization of the GTPase-accelerating
protein complex. JBiolChem 2011, 286:15260–15267.

42. Fain G, Matthews H, Cornwall M, Koutalos Y: Adaptation in vertebrate
photoreceptors. Physiol Rev 2001, 81:118–144.

43. Haber-Pohlmeier S, Abarca-Heidemann K, Korschen HG, Dhiman HK, Heberle J,
Schwalbe H, Klein-Seetharaman J, Kaupp UB, Pohlmeier A: Binding of
Ca2+ to glutamic acid-rich polypeptides from the rod outer segment.
Biophys J 2007, 92:3207–3214.

44. Hood DC, Birch DG: Rod phototransduction in retinitis pigmentosa:
estimation and interpretation of parameters derived from the rod a-wave.
Invest Ophthalmol Vis Sci 1994, 35:2948–2961.

45. Coleman JA, Kwok MC, Molday RS: Localization, purification, and functional
reconstitution of the P4-ATPase Atp8a2, a phosphatidylserine flippase in
photoreceptor disc membranes. JBiolChem 2009, 284:32670–32679.

46. Wu L, Nagasaki T, Sparrow JR: Photoreceptor cell degeneration in Abcr
(−/−) mice. Adv Exp Med Biol 2010, 664:533–539.

47. Fulton AB, Rushton WA: Rod ERG of the mudpuppy: effect of dim red
backgrounds. Vision Res 1978, 18:785–792.

48. Peachey NS, Alexander KR, Fishman GA: The luminance-response function
of the dark-adapted human electroretinogram. Vision Res 1989, 29:263–270.

49. Bush RA, Sieving PA: A proximal retinal component in the primate
photopic ERG a-wave. Invest Ophthalmol Vis Sci 1994, 35:635–645.

50. Saszik SM, Robson JG, Frishman LJ: The scotopic threshold response of the
dark-adapted electroretinogram of the mouse. J Physiol 2002, 543:899–916.

51. Baylor DA, Nunn BJ, Schnapf JL: The photocurrent, noise and spectral
sensitivity of rods of the monkey Macaca fascicularis. J Physiol 1984,
357:575–607.

52. Schnapf JL, Kraft TW, Nunn BJ, Baylor DA: Spectral sensitivity of primate
photoreceptors. Vis Neurosci 1988, 1:255–261.

53. Zhang Y, Molday LL, Molday RS, Sarfare SS, Woodruff ML, Fain GL, Kraft TW,
Pittler SJ: Knockout of GARPs and the beta-subunit of the rod cGMP-gated
channel disrupts disk morphogenesis and rod outer segment structural
integrity. J Cell Sci 2009, 122:1192–1200.

doi:10.1186/s12964-014-0067-5
Cite this article as: Sarfare et al.: Overexpression of rod photoreceptor
glutamic acid rich protein 2 (GARP2) increases gain and slows recovery
in mouse retina. Cell Communication and Signaling 2014 12:67.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	GARP2 transgenic mice overexpress GARP2 in the rod photoreceptors
	Some ROS protein levels are elevated in tg retina
	ROS length is reduced in tg, but ROS width, ONL thickness remain unchanged
	GARP2 and other ROS proteins are properly localized in the transgenic retina
	tg mice exhibit increased phototransduction gain in�vivo
	Rods overexpressing GARP2 exhibit increased phototransduction gain in�vitro

	Discussion
	Conclusions
	Methods
	Production of GARP2 transgenic mice
	RNA isolation and reverse transcription PCR
	SDS-PAGE and immunoblot analysis
	Spectrophotometric determination of rhodopsin concentration
	Immunofluorescence and confocal microscopy
	Light and transmission electron microscopy
	Morphometric and statistical analysis
	Electroretinography
	Analysis of single cell and isolated retina tissue responses
	Statistical analysis

	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

