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We report three unrelated patients with mutations in the GRM6
gene that normally encodes the glutamate receptor mGluR6. This
neurotransmitter receptor has been shown previously to be
present only in the synapses of the ON bipolar cell dendrites, and
it mediates synaptic transmission from rod and cone photorecep-
tors to this type of second-order neuron. Despite the synaptic
defect, best visual acuities were normal or only moderately re-
duced (20�15 to 20�40). The patients were night blind from an early
age, and when maximally dark-adapted, they could perceive lights
only with an intensity equal to or slightly dimmer than that
normally detected by the cone system (i.e., 2–3 log units above
normal). Electroretinograms (ERGs) in response to single brief
flashes of light had clearly detectable a-waves, which are derived
from photoreceptors, and greatly reduced b-waves, which are
derived from the second-order inner retinal neurons. ERGs in
response to sawtooth flickering light indicated a markedly reduced
ON response and a nearly normal OFF response. There was no
subjective delay in the perception of suddenly appearing white vs.
black objects on a gray background. These patients exemplify a
previously unrecognized, autosomal recessive form of congenital
night blindness associated with a negative ERG waveform.

bipolar cell � glutamate receptor � retina

The mammalian retina has two fundamental categories of
photoreceptor cells, the highly sensitive rods and the less

sensitive but faster-responding cones. Both photoreceptor types
hyperpolarize in response to light. There are also two funda-
mental categories of bipolar cells with which the photoreceptors
synapse, called ON and OFF bipolar cells (1). In response to a
sudden increase of illumination, the ON bipolar cells depolarize
while the OFF bipolar cells hyperpolarize. Rods synapse with rod
ON bipolar cells, whereas cones synapse with both cone ON
bipolar cells and cone OFF bipolar cells (1, 2). Thus, an abrupt
increase in illumination will lead to the hyperpolarization of all
photoreceptor cells, the depolarization of the rod and cone ON
bipolar cells, and the hyperpolarization of the cone OFF bipolar
cells. A sudden decrease in illumination (e.g., when a bright light
is turned off) will result in the depolarization of the photore-
ceptors and the cone OFF bipolar cells and the hyperpolarization
of the rod and cone ON bipolar cells (2).

Electroretinograms (ERGs) recorded with a contact lens elec-
trode on the surface of the cornea show waveforms in response to
flashes of light that correspond to the changes in the polarization
of the photoreceptors and the bipolar cells (3, 4). ON and OFF
responses are typically recorded from the cone system (2). Light
stimuli are presented along with a constant rod-desensitizing back-
ground light. Under these conditions, the ON response to the onset
of a bright light pulse of long duration (i.e., �50 msec) has an initial
cornea-negative a-wave, derived from the hyperpolarization of the
cone photoreceptors and possibly the OFF bipolar cells and hori-
zontal cells (5), followed by a cornea-positive b-wave that primarily
reflects the depolarization of the cone ON bipolar cells (4). The

cessation of the light pulse induces a positive waveform, called the
d-wave, which reflects the depolarization of the cone photorecep-
tors and cone OFF bipolar cells (6); the amplitude and shape of the
d-wave is modulated by a concurrent hyperpolarization of the ON
bipolar cells (4, 7). If the light-adapted retina is stimulated with a
brief (e.g., �1 msec) flash of light rather than a long pulse of light,
the ERG will initially show a cornea-negative a-wave that reflects
hyperpolarization of the photoreceptors (3) followed by a cornea-
positive b-wave that is a summation of potentials from the ON and
the OFF bipolar cells and the long-duration component of the
photoreceptor response (2, 7–10).

Both rods and cones continually release the neurotransmitter
glutamate into their synapses with bipolar cells, with the rate of
release reduced according to the level of light-induced hyperpo-
larization (11, 12). Both rod and cone ON bipolar cells use the same
metabotropic glutamate receptor, termed mGluR6, that detects
glutamate in the synapse (13, 14). The mGluR6 receptor is ex-
pressed by rod and cone ON bipolar cells but nowhere else in the
central nervous system (14). Transgenic mice lacking this receptor
had no apparent abnormality in the cellular organization of the
retina (15). ERGs and electrical recordings from the superior
colliculi of these mice indicated a defect in the ON bipolar cell
pathway of the retina (15). The mice had normal light-conditioned
behavioral responses (i.e., avoidance of a shock preceded by a light)
(15) and normal circadian locomotor activity. However, they had no
pupillary responses to dim light and had reduced and delayed
pupillary responses to bright light (16). Also, optokinetic responses
were diminished especially to low-contrast stimuli (16). We under-
took this study to identify humans with similar loss-of-function
mutations in the homologous human gene and to document their
visual function.

Materials and Methods
This study was performed in accord with the tenets of the Decla-
ration of Helsinki, is compliant with the Health Insurance Porta-
bility and Accountability Act of 1996, and received approval from
the Institutional Review Boards of the Massachusetts Eye and Ear
Infirmary (MEEI), Harvard Medical School, and the University of
Illinois College of Medicine. Informed consent was obtained from
the 26 index patients before donating a blood sample. Index patients
had a prior diagnosis of congenital night blindness. The index
patients were unrelated to each other as far as could be determined
through evaluations of pedigrees; however, family histories were not
available for some patients (e.g., those who were adopted). The
relatives of patients with GRM6 sequence variations were asked to
participate in this study by donating a blood sample. We also

Abbreviations: APB, 2-amino-4-phosphonobutyrate; ERG, electroretinogram; MEEI, Mas-
sachusetts Eye and Ear Infirmary; UIC, University of Illinois at Chicago.

†To whom correspondence should be addressed. E-mail: thaddeus�dryja@meei.harvard.
edu.

© 2005 by The National Academy of Sciences of the USA

4884–4889 � PNAS � March 29, 2005 � vol. 102 � no. 12 www.pnas.org�cgi�doi�10.1073�pnas.0501233102



evaluated 189 normal control individuals with no history of hered-
itary retinal degeneration and no known blood relatives with such
conditions. DNA was purified from the leukocytes of the patients,
relatives, and controls.

DNA from the 10 exons (17) of the GRM6 gene were amplified
in a total of 9 amplicons by using PCR and the following primers
(sense�antisense): exon 1, ggttcggcgcttgtaaga�acgctgtgtgaattcgagtg;
exons 2 and 3, cccttaccctccctctcttg�gtgtgtaaggtggcgatgtg; exon 4,
gagcaggggagatggataga�ggcaccaattacacagatgc; exon 7, agctcctcctt-
tctcctgct�caggctgcacagagacga; exon 8 (5� region), gcagagaccctca-
gactgga�aggtgatggcgtagatgagg; exon 8 (3� region), cttcgtgcggtacaa-
caaca�ctttgtaacgttgcggacag; exon 9, cctcaaggggatcctgac�
caaaagcacgaacaagcatt; exon 10, atgtggtgaggactgtgtgg�
actccctgccactgactgtt. Exons 5 and 6 were amplified by using the
sense primer for exon 4 and the antisense primer for exon 7 and then
sequenced with the following primers: taccctggaacctccagttg�
tcatgtctttggcactcagc. Products of the PCR were directly sequenced
with the primers used for amplification (except for exons 5 and 6 as
indicated above) on an ABI sequencer (Model 3100, Applied
Biosystems). The numbering of the bases of the cDNA sequence in
this work is according to GenBank database accession number
NM�000843.

Ophthalmic examinations were performed at the Department of
Ophthalmology and Visual Sciences at the University of Illinois at
Chicago (UIC) or at the Berman–Gund Laboratory for the Study
of Retinal Degenerations at MEEI. One index patient was evalu-
ated at both testing sites. Methods for the ophthalmic evaluations
are described in refs. 18 and 19. At UIC, full-field ERGs were
recorded to test stimuli presented in a Nicolet Ganzfeld apparatus
after 30 min of dark adaptation. Responses to brief, short-
wavelength flashes (0.003 cd�sec�m2) presented at 15-sec intervals
were recorded first, with responses to two flashes averaged. Dark-
adapted responses were then recorded to white xenon flashes (5.1
cd�sec�m2) presented at 15-sec intervals, with responses to three
flashes averaged. Next, light-adapted ERGs were elicited in re-
sponse to white test flashes (5.1 cd�sec�m2) presented against a
rod-densensitizing adapting field (15 cd�m2) after 10 min of light
adaptation, and to a white stimulus (2.5 cd�sec�m2) flickering at 32
Hz presented against the same adapting field. ERGs also were
recorded in response to 6.25-Hz middle-wavelength (peak � � 512
nm) sawtooth stimuli with a mean luminance of 100 cd�m2 and a
contrast of 100% presented against a short-wavelength (peak � �
468 nm) rod-desensitizing adapting field (12.6 cd�m2), generated by
a Ganzfeld light-emitting diode stimulator (Espion ColorDome,
Diagnosys, Littleton, MA). The sawtooth stimuli were either ‘‘rapid
on’’ (abrupt increment in luminance, followed by a linear decrease
in luminance) or ‘‘rapid off’’ (abrupt decrement in luminance,
followed by a linear increase in luminance), with responses to five
sweeps averaged in each case. Dark-adapted thresholds were ob-
tained after 45 min of dark adaptation with the use of a Tübinger
perimeter (Oculus, Wetzlar, Germany) by following a procedure
described in ref. 20. The test stimulus had a diameter of 1.7° and a
duration of 500 msec. Wavelengths of 500 and 656 nm were used
to determine whether dark-adapted thresholds were mediated by
the rod or cone system. Test locations ranged from 45° in the nasal
to 45° in the temporal visual field. Kinetic perimetry was performed
by using a Goldmann perimeter. The test targets were moved from
nonseeing to seeing areas.

At the MEEI, the time course of dark adaptation and the final
visual thresholds after 45 min of dark adaptation were measured
with a Goldmann–Weekers adaptometer with an 11° white test light
projected 7° below fixation. Kinetic perimetry was performed with
the Goldmann perimeter, bringing the test light from nonseeing to
seeing areas. Dark-adapted full-field ERGs were elicited to 0.5-Hz
flashes of dim blue light (0.1 cd�sec�m2 before attenuation by
Wratten 47, 47A, and 47B filters to give �max � 440 nm), 0.5-Hz
flashes of white light (0.4 cd�sec�m2), and 30-Hz white flashes (0.2
cd�sec�m2) in a Ganzfeld dome. Light-adapted full-field ERGs were

elicited with 0.5-Hz flashes of white light (0.4 cd�sec�m2) with a
background light sufficient in intensity (34 cd�m2) to eliminate the
rod contribution to the ERG (21). Responses were recorded
without computer averaging. Amplitudes were measured from the
trough of the a-wave (or from the baseline, if the a-wave was absent)
to the peak of the b-wave for responses to 0.5-Hz light flashes, and
from trough to peak for the responses to 30-Hz flashes (22, 23).

Contrast sensitivity was evaluated with the Pelli–Robson chart
(24) at 1 m under photopic conditions with optimum spectacle
correction and without pupillary dilation. For testing for a subjec-
tive delay in the perception of white vs. black objects, the subject
viewed a laptop computer monitor at a distance of �0.5 m. The
monitor had a uniform 50% gray background except for a black ‘‘x’’
at the center where the patient was instructed to hold fixation. A
white letter ‘‘o’’ and a black letter ‘‘o’’ appeared simultaneously on
opposite sides of the fixation point separated from it by �1 cm
either horizontally or vertically. For each appearance of the pair of
letters, the patient was asked to report which letter appeared first.
Similar testing with one of the two letters appearing after a 0.5-sec
delay also was conducted.

Results
DNA Sequence Changes Found in GRM6. Our search for individuals
with mutations in the GRM6 gene focused on 26 patients with a
prior diagnosis of congenital stationary night blindness. We chose
patients with this diagnosis because published brief-flash ERGs of
mGluR6-deficient mice (15) are similar to those found in many
patients with stationary night blindness in that they are electroneg-
ative with an intact a-wave and a subnormal b-wave. Our 26 index
patients included 16 males and 10 females. It is possible that some
of the males have the X-linked form of complete stationary night
blindness; however, they have not been evaluated for mutations in
the NYX gene (25, 26) that causes this form of night blindness. An
X-linked inheritance pattern for many participating males could not
be convincingly established through a family history. The 10 female
patients in this study had no known affected relatives. We excluded
patients with congenital stationary night blindness who had been
found previously to have mutations in the genes encoding rhodop-
sin (RHO), the � subunit of rod transducin (GNAT1), or rhodopsin
kinase (RHOK) (27–29); however, not all index patients had been
evaluated for mutations in these genes.

Three of the 26 index patients had allelic mutations in GRM6 that
were interpreted as likely to be pathogenic. None of these mutations
was found among control individuals (n � 178–189), and each is
predicted to encode an absent or likely nonfunctional protein, as
described below.

Patient 274-011 was a male homozygote with the nonsense
mutation Arg-6213End (c.1861C�T; CGA to TGA) in exon 8 (of
a total of 10 exons). The corresponding mutant RNA would likely
be subject to nonsense-mediated decay so that little or no protein
would be expressed. Even if the mutant protein were expressed, it
would lack the terminal 257 residues including six of the seven
transmembrane domains and the intracellular G-protein binding
region (30, 31). Genetic analysis of the patient’s family showed that
both parents were heterozygotes, as was an unaffected brother (Fig.
1). The patient’s mother had retinitis pigmentosa. Her disease was
probably of an autosomal recessive type because she had no
relatives with this condition; the responsible gene remains un-
known. A previously reported analysis of this family showed that the
patient, his mother, and his unaffected brother were also heterozy-
gous carriers of a missense change of unknown pathogenic potential
in the SLC24A1 gene encoding the rod Na-Ca�K-exchanger (32).

Patient 063-007 was a compound heterozygote male with the
nonsense mutation Gln-7083End (c.2122C�T; CAG to TAG) in
exon 8 and the missense mutation Gly-150 3 Ser (c.448G�A;
GGC to AGC) in exon 1. He had no affected relatives. The
mutations were determined to be on separate alleles because an
analysis of the patient’s unaffected mother, the only available family
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member, revealed that she was a heterozygote with only the Gly-150
3 Ser mutation (Fig. 1). The nonsense mutation Gln-7083 End
is interpreted as a null allele because its transcribed RNA is likely
subject to nonsense-mediated decay. Even if the mutant mRNA
were translated, it would encode a protein lacking three of the seven
transmembrane domains and much of the G-protein binding re-
gion. The missense mutation Gly-150 3 Ser likely encodes a
defective receptor because it affects a Gly residue that is present at
this position in all metabotropic glutamate receptors and in the
closely related parathyroid calcium-sensing receptor CASR (see
Fig. 5, which is published as supporting information on the PNAS
web site) (31). This Gly residue is three residues away from a Ser
that, through a water-mediated interaction, forms part of the
binding site for the ligand, glutamate (33, 34). Further evidence for
the importance of Gly-150 comes from a previously reported
missense mutation (Gly-143 3 Glu) affecting the homologous
residue in the parathyroid calcium-sensing receptor CASR (35).
The Gly-143 3 Glu mutation in CASR has been interpreted as a
null allele because it causes semidominant familial hypercalciuric
hypercalcemia, a disease in which haploinsufficiency for CASR
causes hypercalcemia and associated problems in calcium ho-
meostasis (36).

Patient 274-021 was a female homozygote with the missense
mutation Glu-7813Lys (c.2341G�A; GAG to AAG). The patient
had been adopted, and no family history was available. This residue
is in the third intracellular loop between transmembrane domains
V and VI in a stretch of three residues that are perfectly conserved
among metabotropic glutamate receptors and the related CASRs
(Fig. 5) (31). The mutation changes a negatively charged Glu
residue normally at position 781 into a positively charged Lys
residue.

We additionally identified 39 other changes in GRM6 (see Table
2, which is published as supporting information on the PNAS web
site) interpreted as nonpathogenic or of uncertain pathogenicity.
Fifteen of these were missense changes. The missense changes
Glu-2223 Lys and Gly-2293Glu were found in only one patient
(063-011); we interpreted the changes to be in cis because the
patient and his unaffected sister were heterozygotes for both
changes, whereas neither change was present in their mother. A
second mutation affecting the other allele in patient 063-011 was

not found. The patient was a high myope with refractive errors of
approximately �20 diopters spherical equivalent, a finding that was
very different from the three patients with GRM6 mutations
affecting both alleles (see below). Whether a phenotype is associ-
ated with the Glu-222 3 Lys�Gly-229 3 Glu allele remains
uncertain. Two other missense changes, Val-2433Phe and Ser-583
3Phe, were found in one patient each, both heterozygotes, and not
in any control individuals. We found no mutation of the other
GRM6 allele in these patients. There were three missense changes
with minor allele frequencies of �1% that were interpreted as
polymorphisms (Pro-59 3 Gln, Met-712 3 Val, and Ala-807 3
Val). There were eight rare missense variants found in controls and,
in some cases, also in patients (Ala-73Thr, Arg-283His, Arg-118
3 Ser, Ile-2453Val, Arg-5783 Cys, Pro-5893 Leu, Arg-6533
His, and Leu-6983 Val). Except for Gly-2293 Glu, none of the
missense rare variants or missense polymorphisms affected residues
that were conserved among the members of the mGluR protein
family and the related family of calcium-sensing proteins whose
sequences are available in the GenBank database (Fig. 5). Finally,
24 isocoding rare variants or polymorphisms were found among the
patients and�or controls (Table 2), including 15 synonymous
changes in codons, 8 changes in introns (not affecting canonical
splice acceptor or donor sites), and one change in the 3� untrans-
lated region.

Clinical Findings in Patients with GRM6 Mutations. Some of the
clinical findings in one of the three patients with GRM6 mutations
(274-011) have been reported previously (18). Here, we summarize
and expand on these initial findings and describe those found in the
other two patients. All three patients reported the inability to see
in dim light from early childhood; patient 063-007 specifically stated
that he had never seen stars in the night sky. Best corrected visual
acuities are given in Table 1. The patients were nearly emmetropic
or moderately myopic (Table 1). Contrast sensitivity was evaluated
in patients 274-011 and 063-007 and was found to be 1.68 and 1.65,
respectively; both values are in the normal range for age (37). Color
vision was normal in all patients as documented with the Farn-
sworth Panel D-15 or 100-Hue tests, the Ishihara color plates,
and�or a Nagel anomaloscope. Patient 063-007 had horizontal

Fig. 1. The top portion of this figure shows the DNA sequence chromatograms of the four mutations identified in the GRM6 gene in patients with night
blindness. For each mutation displayed, the top chromatogram is the mutant sequence, and the bottom is wild-type sequence. The sequence listed above the
chromatograms corresponds with the mutant sequence, with the wild-type base listed below. The wild-type codons are shown above the sequence. The sequence
and chromatograms for the mutation Gly-1503 Ser are shown in the antisense direction. The bottom portion of the figure shows the analysis of these mutations
in the available relatives of the patients. The number to the top left of each pedigree is the family identifier. The genotype of each patient tested is listed below
the patient symbol. The probands are marked with arrows.
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nystagmus that was accentuated on end-gaze; the other two patients
had no nystagmus.

When the mGluR6 receptor is pharmacologically blocked in a
nonhuman primate, there is a delay in the reaction time to light
increments but not to light decrements (38). To test for a compa-
rable phenomenon, we presented patient 063-007 with simulta-
neously appearing white and black letters on a gray background.
The patient reported that the two letters became visible simulta-
neously. If the appearance of the white or black letter in the pair was
delayed by 0.5 sec, the patient correctly identified the sequence of
their appearance. The other two patients were not tested in this
manner.

After prolonged dark adaptation (i.e., �30–45 min), all three
patients could perceive spots of light only if the spots were �100–
1,000 times (2–3 log units) more intense than what can be perceived
by normal controls. This 2- to 3-log-unit threshold elevation was
close to what would be expected for an individual functioning with
the cone system alone. An evaluation of the time course of dark
adaptation in a region of the retina 7° below fixation in patient
063-007 did not reveal a rod–cone break, suggesting that the rod
photoreceptor mechanism provided little or no additional light
sensitivity beyond that of the cone mechanism. However, evalua-
tion of patients 274-011 (18) and 063-007 with a Tübinger perimeter
showed that at positions in the visual field 10–45° nasally or
temporally from fixation, rods mediated the threshold for a short-
wavelength stimulus.

ERG responses to single, brief (10 �sec) dim light flashes that
would normally selectively stimulate rod photoreceptors were not
detectable (i.e., amplitudes �10 �V) (Figs. 2 and 3). Dark-adapted
responses recorded at MEEI to single brief bright flashes that
would normally stimulate both rods and cones showed a-waves that
were normal in amplitude and timing (patients 063-007 and 274-
021; Fig. 2). With brighter single flashes recorded at UIC (patients
274-011 and 063-007; Fig. 4), the rod-plus-cone a-waves were
reduced in amplitude (176 �V; normal range, 282–537 �V; mean,
417 �V) and had delayed implicit times. With either flash intensity,
the b-waves were substantially reduced in amplitude, resulting in the
ERGs having electronegative waveforms. In the light-adapted cone
response to a single light flash, oscillatory potentials that are
normally present on the upward slope of the b-wave were absent
(Figs. 2 and 3); the lack of these oscillatory potentials is typical of
patients with the Schubert–Bornschein type of stationary night
blindness (39). Single-flash cone responses recorded at UIC had
flattened a-waves (Fig. 3). Responses to flickering light that isolated
cone responses were normal in amplitude and timing (Fig. 2) or
were moderately subnormal in amplitude with slightly delayed
timing (Fig. 3).

Patients 274-011 and 063-007 were reevaluated �8 and 13
years after their initial visits, respectively. Neither reported a
worsening of the symptom of night blindness over the time
interval. Patient 274-011 developed sparse midperipheral bone
spicule-shaped pigment clumps primarily in the nasal retina.
There was also a defect in his temporal visual field that was not
apparent on his initial examination. His ERGs showed 16% and

22% reductions, respectively, in the photopic single-f lash and
32-Hz flicker responses compared with his initial visit; these
decreases are within the range of intervisit variation observed
with this technique. Patient 063-007 was found at his second visit
to have improved visual acuity (20�40 vs. 20�60; Table 1). His
ERG amplitudes (Fig. 3) were less than those obtained at age 17,
which might be explained, at least in part, by the difference in
recording procedures used for the measurements.

ERGs to elicit cone ON and OFF responses were recorded in two
patients (274-011 and 063-007). Responses to rapid-on sawtooth
stimuli (i.e., each ‘‘sawtooth’’ cycle had an abrupt onset of maxi-
mum light intensity followed by a gradual, linear reduction down to
the constant background light at the end of the cycle) showed
prominent and normal a-waves but substantially reduced b-waves in
the ON responses, with the b-wave being more severely reduced in
patient 274-011 than in patient 063-007 (Fig. 4). ERG recordings to
the complementary rapid-off sawtooth stimuli showed nearly nor-
mal OFF responses with clearly evident d-waves (Fig. 4).

Discussion
The diagnosis of Schubert–Bornschein stationary night blindness
(40) is applied to night-blind individuals who have dark-adapted,
brief-flash ERGs with normal to near-normal a-waves but severely
reduced b-waves leading to negative ERG waveforms (39). The
majority of such patients are males, and the inheritance is often
X-linked. The disease is subdivided into two categories, termed
‘‘incomplete’’ and ‘‘complete’’ (41), that respectively feature a

Table 1. Clinical characteristics of patients

Patient Sex Age, yrs
Refractive error,*

diopters
Visual acuity

OD; OS†

Dark-adapted threshold
elevation, log units

274-011 Male 30 �0.19 20�15; 20�15 2.5–3
37 �0.25 20�20; 20�20 Not done

063-007 Male 17 �2.75 20�60; 20�60 2
31 �4.62 20�40; 20�40 2.5–3

274-021 Female 14 �5.38 20�25; 20�30 2

*Spherical equivalent averaged between the two eyes.
†OD, right eye; OS, left eye.

Fig. 2. ERGs of a normal control and patients 063-007 at age 17 and 274-021
at age 14 recorded at the Berman–Gund Laboratory at MEEI. The top row
shows the dark-adapted rod responses to 0.5-Hz blue light flashes; the second
row shows the dark-adapted rod-plus-cone responses to 0.5-Hz bright white
light flashes; the third row shows the light-adapted cone responses to 0.5-Hz
flashes; and the bottom row shows the cone responses to 30-Hz white light
without a background light. In each tracing, two or three sweeps are super-
imposed to illustrate reproducibility. In the 0.5-Hz cone response in the normal
control (third tracing from the top), an oblique arrow points to an oscillation
on the upward slope of the b-wave that is not observed in the patients. (Scale
bars: 50 msec horizontally and 100 �V vertically for all tracings.)
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modest or minimal residual rod ERG b-wave that can be detected
with suitable techniques. The incomplete and complete X-linked
forms are caused by mutations in the CACNA1F and NYX genes,
respectively (25, 42, 43). Our patients have a form of night blindness
with an electronegative ERG that is likely caused by recessive
mutations in the GRM6 gene on chromosome 5q35 (17). It is likely
that one or more other genes also cause forms of autosomal
recessive night blindness, because we found GRM6 mutations in
only 1 of 10 female patients who, because of their gender, are
unlikely to express X-linked mutations. Mice with recessive loss-
of-function mutations in the homologous grm6 gene have compa-
rable ERGs and thus serve as an animal model that preceded the
recognition of this newly defined human disease (15).

At his most recent visit at age 37, patient 274-011 exhibited
previously unobserved visual field defects and retinal pigment
deposits seen by funduscopy, both of which suggest a retinal
degenerative change. These signs of retinal degeneration might
possibly be related to his additionally being a carrier of a mutation
in an as-yet-unidentified retinitis pigmentosa gene (his mother has
retinitis pigmentosa as described above), and thus his findings might
not necessarily portend a degenerative disease associated with
GRM6 mutations alone. ERG amplitudes of patient 063-007 were
slightly lower at age 31 than age 17 in recordings performed at
MEEI (data not shown). No follow-up is yet available for patient
274-021, who is still a teenager. In short, the small number of
patients identified with GRM6 mutations and the limited follow-up
information available makes it difficult to predict the long-term
course of their retinal disease.

The mGluR6 receptors of ON bipolar cells can be blocked
pharmacologically by 2-amino-4-phosphonobutyrate (APB) (44).

Studies of the visual function of monkeys after the intraocular
administration of APB indicated that their dark-adapted visual
thresholds are elevated 1.5–2 log units (38); this result would
correspond to the symptom of night blindness observed in our
patients with GRM6 mutations. APB produced only mild defects in
monkeys’ visual acuity, color vision, and stereopsis (38). The most
noteworthy abnormality was an �250-msec delay in monkeys’
conditioned responses to visual stimuli that involved light incre-
ments such as the sudden appearance of a bright spot of light against
a background. There was no delay in responses to light decrements
such as dark spots appearing against the same background (38).
These findings bring to mind a previous study of our patient 274-011
that found a much smaller delay (�20 msec) in responses of the
occipital cortex to light increments, but not to light decrements, as
measured by visual evoked responses (18). However, upon present-
ing a simultaneously appearing pair of white and black letters to
another of our patients (063-007), there was no relative delay in the
perception of either the white letter (i.e., a luminance increment)
or the black letter (a luminance decrement). This apparent dis-
crepancy with one of the results from tests of APB-treated monkeys
(38) highlights the difficulty in interpreting those results because
APB is now known to affect many other retinal cell types besides
ON bipolars [see the discussion by Wong et al. (45) for a concise
tabulation of relevant works].

The symptom of night blindness cannot be entirely explained by
the defect in signal transmission between rods and their ON bipolar
cells, because rods have alternative electrical connections to the
inner retina that bypass the ON bipolar cells (46). In the area
centralis of the cat retina, anatomic studies have shown that each
cone has electrical gap junctions with �48 neighboring rods (47).
Rod signals can be transmitted to cones through these gap junctions
and thence to cone bipolar cells and ganglion cells (48–50). This
pathway also is active in primates, but it is effective at transmitting
rod signals only at mesopic intensities (51). This characteristic may
account for the observation, based on studies of two of our patients
(274-011 and 063-007) with chromatic stimuli, that rods mediated
the dark-adapted threshold for a short-wavelength test stimulus; the
stimulus intensity at threshold was in the mesopic range.

Fig. 4. ERGs in response to sawtooth light stimuli. ERGs of a normal control
(top traces) and patients 063-007 (middle traces) and 274-011 (bottom traces)
in response to rapid-on (Left) and rapid-off (Right) sawtooth stimuli at a
frequency of 6.25 Hz. The a-, b-, and d-waves of the control subject are
indicated by arrows. The shaded region on the x axis illustrates the stimulus
waveform.

Fig. 3. ERGs of a normal control (Left) and patients 274-011 at age 30
(Center) and 063-007 at age 31 (Right) recorded at the UIC. Left shows normal
ERG recordings for comparison. The types of recordings from top to bottom
are the same as those in Fig. 2, except that the light stimuli are brighter (see
Materials and Methods), the flash frequencies are greater (see labels at left),
and the 32-Hz cone ERGs (bottom row) were recorded with a background
light. In the light-adapted cone response in the normal control (third tracing
from the top), an oblique arrow points to one of the two oscillations on the
upward slope of the b-wave that is not observed in the patients. (Scale bars:
50 msec horizontally and 100 �V vertically for all tracings.)
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Besides the well established neural pathway from rods through
cones to the inner retina, there may be yet other mechanisms by
which rods can signal the inner retina that bypass rod ON bipolar
cells and that account for the residual rod-mediated sensitivity in
the GRM6 patients. Indirect evidence for an additional pathway
comes from transgenic mice without cones (52). These mice have
rod-generated signals in ON and OFF ganglion cells even after
pharmacologic blocking of mGluR6 receptors of rod ON bipolar
cells and blocking the connections between AII amacrine cells to
cone ON and OFF bipolar cells (52). A separate anatomical study
found that in the rabbit retina some OFF bipolar cells with normal
dendrites to cones also extend some of their dendrites to rods and
that these dendrites might be functional because they had the
glutamate receptor GluR2 (53).

The limited degradation of visual function in response to the loss
of the mGluR6-mediated signaling to ON bipolar cells exemplifies
the resiliency of the architecture and signal processing of the retina.
The resiliency could be partly explained if there are other glutamate
receptors on cone ON bipolar cells besides mGluR6. In fish, ON
bipolar cells respond to glutamate from cones mainly through
excitatory amino acid transporters, with mGluR6 receptors playing
an apparently minor role (45, 54). The ON responses to sawtooth
ERGs in our patients are severely reduced (Fig. 4), but they still
have small residual b-waves; perhaps these b-waves are mediated by
alternative signaling pathways connecting cones and ON bipolar
cells analogous to those in fish.

Some of the clinical findings in our patients, including the normal
to moderately subnormal visual acuity, the severely reduced ERG
b-waves in response to brief flashes, and the defect in ERG ON
responses, parallel those found in patients with the complete form
of X-linked night blindness caused by NYX mutations (41, 55, 56).
However, two of our patients with GRM6 mutations had greater
reductions of a-wave amplitudes than are typically seen in the
complete form of X-linked night blindness (18); further investiga-
tions of additional cases are necessary to determine whether this
finding would clinically distinguish patients with GRM6 vs. NYX
mutations. Like the GRM6 patients, the NYX patients have residual
rod responses that are possibly mediated through the gap junctions
with cones (57). The similarities in the GRM6 and NYX phenotypes
support the speculation that the NYX gene product, a membrane-
bound extracellular protein whose exact function is currently ob-
scure (58), is involved in ON bipolar cell signaling. A distinctive
electrical defect is found in patients with the incomplete form of
X-linked stationary night blindness due to mutations in the
CACNA1F gene; their ERGs suggest abnormalities in both the ON
and OFF bipolar pathways (59). Further clinical evaluations of
patients with defects in GRM6, NYX, CACNA1F, and yet-to-be-
identified genes encoding proteins important in inner retinal neural
pathways should help to elucidate the signal processing of the
human retina.
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57. Scholl, H. P. N., Langrová, H., Pusch, C. M., Wissinger, B., Zrenner, E. &

Apfelstedt-Sylla, E. (2001) Invest. Ophthalmol. Visual Sci. 42, 2728–2736.
58. Zeitz, C., Scherthan, H., Freier, S., Feil, S., Suckow, V., Schweiger, S. & Berger,

W. (2003) Invest. Ophthalmol. Visual Sci. 44, 4184–4191.
59. Miyake, Y. (2002) Nippon Ganka Gakkai Zasshi 106, 737–755.

Dryja et al. PNAS � March 29, 2005 � vol. 102 � no. 12 � 4889

N
EU

RO
SC

IE
N

CE


