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PURPOSE. Optical retina images are scaled based on eye size, which results in a linear
scale ratio of 10:1 for human versus mouse and 7:1 for macaque monkey versus mouse.
We examined how this scale difference correlates with the structural configuration of
synaptic wiring in the rod spherule (RS) between macaque and mouse retinas compared
with human data.

METHODS. Rod bipolar cell (BC) dendrites and horizontal cell (HC) axonal processes,
which invaginate the RS to form synaptic ribbon-associated triads, were examined by
serial section transmission electron microscopy.

RESULTS. The number of rod BC invaginating dendrites ranged 1∼4 in the macaque RS
but only 1∼2 in the mouse. Approximately 40% of those dendrites bifurcated into two
central elements in the macaque, but 3% of those dendrites did in the mouse. Both factors
gave rise to 10 invagination patterns of BC and HC neurites in the macaque RS but only
two in the mouse. Five morphological parameters: the lengths of arciform densities and
ribbons, the area of the BC–RS contact, and the surface areas of BC and HC invaginating
neurites, were all independent of the invagination patterns in the macaque RS. However,
those parameters were significantly greater in the macaque than in the mouse by ratios
of 1.5∼1.8.

CONCLUSIONS. The primate RS provides a more expansive BC–RS interface associated with
the longer arciform density and more branched invaginating neurites of BCs and HCs
than the mouse RS. The resulting greater synaptic contact area may contribute to more
efficient signal transfer.

Keywords: macaque monkey, rod photoreceptor, horizontal cell, neurite growth, rod
bipolar cell, ribbon synapse, serial section transmission electron microscopy

The length encompassed by 1° of visual angle on the reti-
nal surface is approximately 30 μm in mice,1 210 μm in

macaque monkeys,2–4 and 300 μm in humans,5 resulting in
a ratio of 1:7:10. As this size increases, the optical image
on the retina enlarges; the image resolution per unit length
becomes higher, but the photon density decreases. Therefore
it is likely that the circuital architectures of rod photorecep-
tors among these animals have adapted to differently condi-
tioned optical images in unique ways.

The mammalian cone pedicle has multiple (approxi-
mately 20–50) invaginations.6,7 The number of neurites per
invagination is usually three—one central BC dendrite and
two lateral HC processes. This grouping of postsynaptic
neurites was termed a triad by Missotten,8 whose arti-
cle was cited by Dowling and Boycott.9 In contrast, the
mammalian RS has only one invagination.10–12 The number
of neurites per invagination is usually four—two central rod
BC dendrites and two lateral HC processes—and these four
neurites are exposed to the common extracellular medium
in the compactly closed invagination. Rao-Mirotznik et al.13

termed this grouping a tetrad and discussed its functional
significance in producing a binary response (one photon or

none). However, primate RSs are reported to have varying
numbers of invaginating neurites.14 In humans, this number
ranges from two to seven.15 Thus these groupings may
be called a dyad, triad, tetrad, pentad, hexad, or heptad.
Because this polyad terminology only expresses the number
of neurites invaginating a spherule, more detailed character-
ization is required to describe the internal configurations
of neurites. To elucidate the apparent discrepancy in the
number of invaginating neurites between primates and other
mammals is valuable when we apply experimental findings
on mice to the regenerative research of rod synapses.16–20

In this study, we compared the synaptic architecture of RSs
between macaque, mouse, and human retinas focusing on
their size-related configuration differences.

There are two main unresolved questions regarding the
invagination of rod BC dendrites. Kolb21 described that a
single-rod BC only contributes one process to an individ-
ual spherule, but this might depend on the sample size.
We examined the possibility of a rod BC dendrite bifurcat-
ing into two branchlets destined for a common spherule.
And Boycott and Kolb22 observed a single Golgi-stained rod
BC dendritic terminal split into two in the invagination.
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However, they left an evaluation of the exact number and
relationship of the processes to future studies using serial
reconstruction of well-fixed retinas. Their preliminary obser-
vations strongly suggest the occurrence of bifurcation of rod
BC dendrites in the invagination.

The dystrophin-glycoprotein complex links the cytoskele-
ton and membrane-associated proteins to the extracellular
matrix for organizing the trans-synaptic signaling system
at the rod BC–RS contact sites.23 Ueda et al.24 observed
dystrophin immunoreactivity coinciding with the subsurface
density of the RS cell membrane. This dense region bordered
the rod BC invaginating dendrites but not the HC processes.
Vardi et al.25 called this region the fluffy density and further
found its association with the mGluR6 immunoreactivity at
the rod BC invaginating dendritic tips (see Fig. 4 of their
study). The interface of RS, rod BC, and HC membranes may
deserve morphological measurements because of their func-
tional importance.

To address these questions, we first examined the density,
size, and distribution of RSs. Second, we demonstrated
various invagination patterns of rod BC and HC neurites
and the characteristic ultrastructure of synaptic membranes.
Third, we compared the occurrence of different invagination
patterns between mouse and macaque. Fourth, we quantita-
tively compared several morphological parameters among
different invagination patterns in the macaque retina and
between mouse and macaque retinas. Last, we compared the
mouse, macaque, and human retinas in terms of the invagi-
nating neurites and discussed the size dependency and the
synaptic efficacy.

MATERIALS AND METHODS

Animals

A seven-year-old female macaque (Macaca fuscata) and a
nine-week-old female mouse (C57Bl/6J) were used for this
study. Both animals were reared in a 12-hour light/12-hour
dark cycle lighting conditions. The body weight ratio of the
macaque and mouse was 325 (6.5 kg vs. 20 g), which is simi-
lar to the volume ratio. The cube root of the volume ratio
gives the linear scale ratio of approximately seven, consis-
tent with the retinal enlargement ratio of seven according to
eye size. The examination area was located 3.00 to 3.25 mm
(about 15°) temporal to the foveal center in the macaque
retina and around the posterior pole in the mouse retina. In
both animals, these areas were characterized by the highest
density of rods.

The macaque was donated by the Psychophysical
Research Group in the (former) Electrotechnical Labora-
tory of the Ministry of International Trade and Industry.
The mouse was purchased from SLC Ltd. (Shizuoka, Japan).
All experimental animal procedures were approved by the
Hyogo College of Medicine Committee on Animal Research
and conducted following the Act on Welfare and Manage-
ment of Animals issued by the government of Japan. All
procedures were performed strictly in compliance with the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research.

Tissue Fixation and Sectioning

The macaque retina was fixed by dual intraocular and
intravascular injection of aldehyde fixative containing 1%
paraformaldehyde and 3% glutaraldehyde in phosphate

buffer (0.1 M, pH 7.4). The tissue blocks of the retina kept
intact with the sclera and choroid were dissected and post-
fixed with a mixture of 2% osmium tetroxide and 1% potas-
sium ferricyanide. The mouse retina was fixed by a single
intravascular injection of aldehyde fixative containing 2%
paraformaldehyde, 2.5% glutaraldehyde, and 1% acrylalde-
hyde (so-called acrolein) in phosphate buffer (0.1 M, pH
7.4). The posterior pole of the retina was immersed in the
fixative with 1% tannic acid replacing the acrylaldehyde. We
intended to intensify the cell membrane using potassium
ferricyanide for the macaque and preserve protein compo-
nents with tannic acid for the mouse. Both tissues were post-
fixed with 1% osmium tetroxide for two hours, stained en
bloc with 3% uranyl acetate in 80% methanol, dehydrated
with ethanol, and then embedded in Araldite resin.

Blocks were cut into 90 nm thick serial sections using
a Leica UCT ultramicrotome (Leica Microsystems, Wetzlar,
Germany). A total of 817 radial sections for the macaque and
366 radial sections for the mouse were mounted on formvar-
coated single-slot grids and stained with 3% uranyl acetate
in 80% methanol and Reynold’s lead citrate. These series are
the same material described in our previous studies.26,27

Electron Microscopy

Electron micrographs of the serial sections were acquired
at 400 × and 3000 × using a JEM 1220 electron micro-
scope (Jeol Ltd., Tokyo, Japan) at the Hyogo College
of Medicine Joint-Use Research Facilities. We traced each
neuronal process while marking the synapses and other
features with color pens on transparent sheets. The digitized
contour lines were saved on a personal computer using an
Intuos-4 digitizer (Wacom, Saitama, Japan) and TRI/3D-SRF-
R graphics software (Ratoc Systems International, Tokyo,
Japan). For graphical representation, we used Photoshop
and Illustrator in Adobe CS6 (Adobe Systems, San Jose, CA,
USA). Supplementary Figure S1 shows a typical sample from
our analysis.

Morphometrics and Statistics

Morphometry analysis of the ribbon length, arciform length,
and membrane surface area was performed on 12,000 ×
printed images using ImageJ software (National Institute of
Health, Bethesda, MD, USA). The size of any object travers-
ing each section at different angles was corrected using the
trigonometric method. Statistical analyses were performed
using Statistica 06J software (Statsoft Japan, Tokyo, Japan).
Data are expressed as the mean ± standard deviation (SD).
Differences between the two samples were analyzed using
the unpaired, two-tailed Student’s t test. A P value <0.05 was
considered statistically significant.

RESULTS

Spherule Size and Density

The macaque-to-mouse retinal enlargement ratio was
approximately seven based on each animal’s eye size. This
ratio indicates that an array of photoreceptors may form
seven times larger images in the macaque than in the mouse.
The mouse retina, which may receive finer optical images,
had an approximately 2.6-fold greater density of spherules
than the macaque retina (Fig. 1A). Conversely, the spherule
volume was 2.2-fold greater in the macaque than in the
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FIGURE 1. Comparison of density, volume, and distribution of macaque and mouse spherules. (A) Spherule density: 172,000/mm2 at 3 mm
temporal to the foveal center of the macaque retina and 453,000/mm2 at the posterior center of the mouse retina. (B) 3D reconstruction of
the sample spherules. The rod axon extends almost horizontally in the macaque but vertically in the mouse, depending on their eccentricities.
(C) Volume of a spherule (mean ± SD, n = 12): 10.2 ± 1.0 μm3 in the macaque and 4.7 ± 0.2 μm3 in the mouse. (D) In proportion to
spherule density (1 vs. 2.6) at their respective retinal locations, 74 spherules for the macaque and 194 spherules for the mouse are distributed
in the same area size. The cone pedicle density is 13,000/mm2 in both the mouse and macaque. The layers at different heights are shown
in distinct colors. Each tier was approximately 2 μm in height.

mouse (Figs. 1B, C). Figure 1D shows the distribution of
spherules and pedicles. Pedicles were distributed with some
intermingling spherules in the lowest tier of the outer plexi-
form layer in both the macaque and mouse. Mouse spherules
were arrayed over a total of five tiers. In contrast, macaque
spherules were arrayed over two tiers.

Ribbon-Associated Triads

In the initial observation of spherules (Supplementary
Fig. S1), we repeatedly found a few triads comprising a
central rod BC dendrite and two lateral HC processes asso-
ciated with a ribbon at different locations in a series of
sections throughout an invagination (Fig. 2A). Each triad
in a spherule appears analogous to the triad in an invagi-
nation of a pedicle. The complex of a presynaptic ribbon
and a postsynaptic triad may be a structural and func-
tional unit contributing to the center-surround antagonis-
tic BC responses.28–30 However, Chun et al.7 once defined
a triad as a complex comprising a ribbon and two lateral

HC processes to describe their ultrastructural observation
of cone pedicles. With the caveat that the term triad may
have occasionally different meanings, this study defines
a triad as a ribbon-associated postsynaptic complex of a
central rod BC dendrite and two lateral HC processes. To
characterize the invagination patterns quantitatively, we use
a notation of nBB, nHH, and nTT. The integers nB, nH,
and nT are the number of rod BC invaginating neurites
at the aperture, the number of HC neurites at the aper-
ture, and the number of ribbon-associated triads, respec-
tively. The number of invaginating neurites is the sum of
nB and nH. In most cases with straight rod BC dendrites,
nT is equal to nB; however, in cases with an internal
bifurcation of a rod BC neurite, nT is equal to nB + 1. Here,
we also use the term “neurite” as the general name of the
rod BC dendrite and HC process for convenience.

We were able to trace back the rod BC invaginating
dendrites to the somas. However, we could not trace back
the HC invaginating processes to the somas using our
present methodology. The axon terminal arborizations of
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FIGURE 2. Survey findings of the invagination of neurites in the spherule. (A-1) 3D reconstruction from a series of 18 sections (section
numbers: 253–270, as in Supplementary Fig. S1). (a) Two rod BC dendrites and two HC processes (half transparent) pass through the
aperture of an RS and terminate as a postsynaptic complex (b.m.: basal membrane of an RS). (b) One (B1) of the BC dendrites is shaped
like a teaspoon, while the other (B2) extends as a straight dendrite. (c) The HC processes (Hʹ, H′′) form the lateral elements of the ribbon
synapses. (A-2) Three ribbon-associated triads are seen in the plain view. B1 bifurcates into two terminals, which end at B1-left and B1-right
triads as central elements. B2 extends as a straight dendrite providing the central element of another triad. (B) Upper row, mouse; lower
row, macaque. Each row shows a plain view and two electron micrographs. The dotted circles indicate ribbon-associated triads. The bars
designate the estimated linear sizes for the mouse and macaque spherules. Open triangles, ribbon; arrowheads, RS membrane fluffy density;
brackets, a range of fluffy density.

type I HCs provide the HC processes into RSs in primate
retinas,21,31 and those of type B HCs in rodent retinas.32 The
axon terminal connects to the soma via a long thin process.

In this context, Kolb21 stated that only one of the lateral
elements was stained in all cases of Golgi-stained spherules.
This finding presumably means that a single RS receives
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input from two HCs. On these grounds, we labeled the rod
BC dendrites that were traced back to two different rod BCs
with B1, B2, etc., and the HC processes that were not traced
back to any HCs with H’, H”, etc.

The macaque-to-mouse spherule volume ratio (2.2) above
indicates that the linear scale ratio is 1.3 (Figs. 1C, 2B left).
The lower density of spherules (Fig. 1A) enables the expan-
sive space for the more flexible branching of the invagi-
nating neurites in macaques compared to mice. Figure 2B
presents the 2B-2H-2T (two BC neurites, two HC neurites,
and two triads) patterns in the mouse (upper) and macaque
(lower) spherules. This pattern was most typical in both
mouse and macaque spherules, but the invaginating neurites
were more spread out in the macaque than in the mouse.

We recognized the subsurface density along the RS cell
membrane facing the rod BC invaginating dendrites in all
electron micrographs of the synaptic ribbon areas (Fig. 2B
right). In contrast, we found no such density along the
RS cell membrane facing the HC processes. Two research
groups24,33 showed that the density region was immunoreac-
tive against dystrophin. Vardi et al.25 called it a fluffy density
and suggested that this fluffy density region was facing the
mGluR6 at the rod BC invaginating dendrites.

Invagination Patterns Observed in Macaque
Spherules

By examining 200 macaque spherules, we identified 10
different invagination patterns (systematically described
in Fig. 5 below), four of which (2B-2H-2T, 3B-2H-3T, 4B-
2H-4T, and 3B-3H-3T) are shown by electron micrographs
with three-dimensional (3D) reconstructions (Figs. 3A–D).
Invaginating neurites were countable in the vertical view
of the spherule base where the narrow neck-like aper-
ture was open. Triads were countable at the level of the
synaptic ribbon. By combining both counts (Figs. 3A–C),
we found four neurites for two triads (A: tetrad, 2B-2H-2T),
five neurites for three triads (B: pentad, 3B-2H-3T), and six
neurites for four triads (C: hexad, 4B-2H-4T). Invaginating
neurites were also countable in the horizontal view at the
aperture (Figs. 3D–F): six neurites (D: hexad), four neurites
(E: tetrad), and five neurites (F: pentad).

In a typical case where the rod BC and HC neurites
formed two triads in association with two discrete ribbons
(Fig. 3A), one triad consisted of B1, Hʹ and H′′, the other
consisted of B2, Hʹ and H′′. Each rod BC dendrite provided
only one central element in these four examples (Figs. 3A–
D). Whereas each HC process provided two to four lateral
elements: two for the 2B-2H-2T (A) and 3B-3H-3T patterns
(D), three for the 3B-2H-3T pattern (B), and four for the
4B-2H-4T pattern (C).

Bifurcation of Rod BC Dendrites Observed Inside
the Spherule

In the pattern of 2B-2H-3T (40 of 200 spherules as shown
in Fig. 5B) of tetrad invaginations, one of the rod BC
dendrites bifurcated into two central elements. Conse-
quently, as detailed in Figures 4A to 4E, two BC dendrites
ended in three triads. This pattern may correspond to what
Boycott and Kolb22 once observed in the Golgi-stained cat
retina. The 3D reconstructions of this internal bifurcation
are shown in typical examples from macaque (2B-2H-3T,
Figs. 4A–C) and mouse (1B-2H-2T, Figs. 4D, 4E) retinas. One

rod BC invaginating dendrite bifurcates toward two triads
as central elements in both cases. In general, one internal
bifurcation produces the patterns 1B–2T, 2B–3T, and 3B–
4T, and two internal bifurcations produce the patterns 2B–
4T and 3B–5T. The dendritic ending resembles the letter “y”
(Fig. 5A, y-shaped type 1). In addition, we found the other
equivalent form; the single but long curved dendrite of a rod
BC makes two central elements for adjacent triads (Fig. 5A,
y-shaped type 2). The former is like the block letter “y,”
whereas the latter is like the cursive letter “y.” In the follow-
ing, we designate a rod BC invaginating dendrite provid-
ing two central elements with the label “By” and a straight
ending as a central element with the label “Bs.” Here, the
two central elements derived from a common dendrite are
variable in length. For example, one pair in the macaque
(Fig. 4A) shows almost the same spans of ∼0.2 μm and
∼0.2 μm. In contrast, another pair in the macaque (Fig. 2A)
shows a fivefold difference of ∼1.0 μm and ∼0.2 μm.

Presynaptic Morphology of HC Processes in the
Invagination

Linberg and Fisher31 showed the presynaptic structures of
the HC processes within the RS invagination in the human
retina. Here we observed similar structures in the mouse
retina (Fig. 4F). Numerous small vesicles were distributed in
the terminal lobules of HC processes close to ribbons. We
also observed a coated vesicle whose membrane is continu-
ous with the RS membrane. This large vesicle is thought to
engage in the endocytosis of outside substances and recy-
cling of the excessive cell membrane. These small and large
vesicles are regarded as presynaptic structures. Membrane
densification, either presynaptic or postsynaptic, was also
observed on the HC side in opposition to the ribbon. No
notable differences were found in the ultrastructure between
the 1B-2H-2T (Fig. 4Fa) and 2B-2H-2T (Fig. 4Fb) patterns.

Comparison of Branching Patterns Between
Mouse and Macaque

Based on the described observation, we summarized the
whole course of each dendrite of rod BC, which emanated
from the soma, invaginated a spherule, and ended as central
elements of triads. Four branching patterns of the dendrite
were recognized as shown in Figure 5Aa. Although we could
not trace back the HC process’ external paths, we could
afford to clarify their internal branching and discern four
forms of HC processes as illustrated in Figure 5Ab.

We characterized 173 mouse and 200 macaque spherules
by categorizing the branching configurations of rod BC and
HC neurites. At the aperture of a spherule, the number
of rod BC invaginating neurites (nB) ranged from one to
four, whereas the number of HC invaginating neurites (nH)
ranged from one to three. Based on the total number
of rod BC and HC neurites (nB + nH) at the aper-
ture, there were two polyad groups (triad, tetrad) in
the mouse and five polyad groups (dyad, triad, tetrad,
pentad, hexad) in the macaque (Fig. 5B). When adding the
number of ribbon-associated triads (nT) due to the inter-
nal bifurcation as another factor, the number of invagi-
nation patterns was two in the mouse and ten in the
macaque.

The existence of two rod BC dendrites in a spherule does
not necessarily mean that those dendrites originate in two
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FIGURE 3. Examples of the invagination of neurites in a macaque spherule. (A–D) (left) Electron micrographs. (a) Both rod BC and HC
neurites are shown with ribbons (gray, arrowhead) and the basal membrane of a spherule (b.m.). (b) Rod BC dendrites: B1 (red), B2 (blue),
B3 (green), and B4 (yellow). (c) HC processes: H’ (orange), H” (violet), and H”’ (yellow-green). (E, F) Horizontal views at the aperture.
Numbers above the micrographs, serial section numbers in the series. (A) The 2B-2H-2T pattern reconstructed from 19 consecutive sections.
(d) The B1 central dendrite extends straight underneath one long ribbon. It is flanked by the H’ and H” lateral processes. (e) The B2 central
dendrite forms an extended triad with the H’ and H” lateral processes along with the other long ribbon. (B) The 3B-2H-3T pattern from 13
sections. The B1, B2, and B3 dendritic ends are flanked by the H’ and H” processes. (C) The 4B-2H-4T pattern from 16 sections. B1, B2,
and B4 contact both H’ and H”, whereas B3 is flanked by two lateral processes extended from only H’. (D) The 3B-3H-3T pattern from 15
sections. At both levels of the ribbon-associated triads and the aperture, B1 contacts H’ and H”, B2 contacts H” and H”’, and B3 contacts
H”’ and H’. (d) 3D reconstruction in the bottom-up view. (E) 2B and 2H neurites. Either B1 or B2 borders both H’ and H”. (F) 3B and 2H
neurites. Either B1 or B3 borders both H’ and H”, whereas B2 only contacts H”.
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FIGURE 4. Bifurcation of a rod BC invaginating dendrite and presynaptic morphology of HC processes. (A) Serial electron micrographs show
two rod BC dendrites: B1 (red) and B2 (blue); two HC processes: H’ (orange) and H” (violet); and two synaptic ribbons (white arrowheads).
Solid circles show the ribbon-synapse units of B1, left and middle, and a couple of dotted circles show the ribbon-synapse unit of B2.
(B) Three ribbon-synapse units are shown in plain view. (C) 3D reconstruction of (a) a whole complex of rod BC dendrites and HC
processes with ribbons (arrowheads), (b) rod BC dendrites (y-shaped B1 and straight B2), and (c) two HC processes flanking a large
ribbon. (D) Two triads are formed by two tips of a y-shaped rod BC dendrite (B1 in red) and HC processes (H’ in yellow and H” in violet).
(E) (a) 3D reconstruction shows a ribbon (gray), a y-shaped rod BC dendrite (red), and two HC processes (yellow, violet). (b, c) A cup-like B1
ending comprises a pair of branchlets (left and right) and a dish-shaped portion. (F) Electron micrographs of HC processes in the 1B-2H-2T
and 2B-2H-2T patterns of invagination in the mouse RSs. Numerous small vesicles are visible in the HC processes and the cytoplasm of the
spherules. Paired white brackets, membrane densification; Long-white arrow, a large-coated vesicle.

different rod BCs, because of the possibility that the two
dendrites derive from a common rod BC by external bifur-
cation. By adding an external bifurcation factor, the whole
branching neurite configurations increased to three in the

mouse and 14 in the macaque. However, the external bifur-
cation of the rod BC dendrite occurs only for 2% (3/173)
of the mouse spherules and 6% (11/200) of the macaque
spherules (Fig. 5B).
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FIGURE 5. Configuration of rod BC and HC neurites and invagination patterns. (A) (a) Four types of rod BC branching are characterized as
(1→1), (1→2), (2→2), and (2→3) by the number of rod BC neurites at the aperture and the number of central elements for triads. Bs, straight
dendrite; By, y-shaped dendrite. (b) Four types of HC branching are characterized as (1→2), (1→3), (1→4), and (1→5) by one invaginating
process at the aperture and the number of branchlets as lateral elements for triads. (B) A catalog of 14 observed configurations according to
the branching modes (straight, internal bifurcation, and external bifurcation) of rod BC dendrites and the branching modes of HC neurites.
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These configurations are classified into 10 invagination patterns by the three integers expressed as nBB–nHH–nTT and further bound into
five polyad groups. Each number of the observed spherules is shown in parentheses. (C) Percentage distribution of the invagination patterns
characterized by the integer set for the two patterns in the mouse (left) and the six patterns in the macaque (right). The four other patterns
observed in the macaque accounting for 0.5% each are not plotted.

TABLE. Comparison of Morphological Parameters Between Macaque and Mouse Rod Spherules

Macaque Mouse Ratio

1. Density of rod spherules (103/mm2) 172 453 0.38
2. Number of invagination patterns 10 (200) 2 (173) 5
3. Volume of a spherule (μm3) 10.2 ± 1.0 (12) 4.7 ± 0.2 (12) 2.2
4. Number of ribbon-associated triads 2.8 ± 0.7 (200) 2.0 ± 0.0 (173) 1.4
5. Length of arciform density (μm) 1.8 ± 0.4 (30) 1.3 ± 0.3 (20) 1.4
6. Length of ribbon edges (μm) 2.5 ± 0.4 (30) 1.6 ± 0.2 (20) 1.6
7. Total invagination surface area (μm2) 26 ± 2.0 (18) 18 ± 2.8 (8) 1.4

BC-RS contact area 2.5 ± 0.6 (18) 1.4 ± 0.3 (8) 1.8
BC surface area 4.0 ± 0.5 (18) 2.5 ± 0.4 (8) 1.6
HC surface area 11.0 ± 1.5 (18) 7.1 ± 1.3 (8) 1.5
RS surface area 10.6 ± 1.8 (18) 8.3 ± 2.2 (8) 1.3

8. Total number of invaginating neurites 4.37 ± 0.57 (200) 3.98 ± 0.13 (173) 1.1
Rod BC invaginating dendrites 2.37 ± 0.53 (200) 1.97 ± 0.18 (173) 1.2
HC invaginating processes 2.0 ± 0.1 (200) 2.0 ± 0.0 (173) 1

9. Number of output rod BCs 2.32 ± 0.54 (200) 1.95 ± 0.22 (173) 1.2

Values per spherule are given in 3 ∼ 9.
Each number of samples is shown in parentheses.

Using Figure 5B, we summarized how many different
rod BCs innervated a spherule. A single BC innervated a
spherule at 5% (9/173) of the mouse and 2% (4/200) of
the macaque spherules. Typically, two BCs innervated a
spherule at 95% (164/173) of the mouse and 66% (132/200)
of the macaque spherules. Only in the macaque, 30.5%
(61/200) of the spherules received innervation from three
BCs, and 1.5% (3/200) of the spherules from four BCs. The
mean number of rod BCs was 1.95 in the mouse and 2.32 in
the macaque with a 1.2-fold difference (Table).

We compared the mouse and macaque in terms of the
frequency of the invagination patterns. Almost all (97%) of
173 mouse spherules had pattern 2B-2H-2T. The remain-
ing (3%) had pattern 1B-2H-2T (Fig. 5C, left). In contrast,
approximately, only two-fifths (37.5%) of the 200 macaque
spherules had the pattern 2B-2H-2T, a fifth (22.5%) of the
spherules showed pattern 3B-2H-3T, and another fifth (20%)
showed 2B-2H-3T. Thus, 80% of all spherules had these
three patterns. The subsequent three patterns were charac-
terized by 4T, accounting for 18% of the total occurrences.
The other four patterns together accounted for only 2%
(Fig. 5C, right).

The HC endings showed significantly variable shapes of
lobular structure to form the lateral elements (Fig. 5Ab).
Frequently a single flattened lobule provided two lateral
elements to their respective triads at opposite sides (Figs. 2–
4). Figure 5B allowed us to review the innervation of triads
by HC processes. In all 173 spherules of the mouse, two HC
processes invaginated a spherule that had two triads. The
same HC process supplied the lateral element to all the two
triads. In 198 spherules of the macaque, two HC processes
invaginated a spherule that had two to five triads. The same
HC process supplied the lateral element to all the two to five
triads except one spherule. In that single exceptional case
(4B-2H-4T), one HC process provided a lateral element to
each of three triads, and two lateral elements to the remain-
ing triad. The other HC process provided the other lateral

element to all the three triads (Fig. 3C). In the next single
case, one HC process invaginated a spherule and provided
two lateral elements to all the two triads (1B-1H-2T). In
the last case, three HC processes invaginated the spherule
that had three triads (3B-3H-3T; Fig. 3D). Each HC process
provided the lateral element to two triads alternately.

Invariant Factors of the Three Major Invagination
Patterns in Macaque Spherules

Are there any morphological traits that relate to synaptic effi-
cacy? The arciform density interposes between the ribbon
where synaptic vesicles are anchored and the RS membrane
where the active zone resides for glutamate release. The
metabolic glutamate receptor (mGluR6)–mediated transient
receptor potential cation channel (TRPM1)34–36 complexes
are embedded in the BC membrane that faces the RS
membrane. It is worth asking whether the arciform density
and the BC-RS interface are relatively invariant for constant
signal transfer.

The number of ribbons was one or two in the mouse but
from one to three in the macaque. The number of arciform
densities, identical to the number of triads, was always two
in the mouse but ranged from two to five in the macaque.
In cases where arciform densities and ribbons were equal
in number, they were associated with each other in a one-
to-one manner. In cases where arciform densities existed
more than ribbons, one ribbon was associated with two or
even three arciform densities. For specific analysis, we chose
the macaque spherules with the three frequently occurring
invagination patterns of 2B-2H-2T, 2B-2H-3T, and 3B-2H-
3T, for which the same number of 10 samples were available
(Fig. 6A). We compared these three patterns in the numbers
of ribbons and arciform densities (Fig. 6B), the lengths of
the ribbon edges and the arciform densities (Figs. 6C, 6D),
the surface areas of RS, HC, and BC invaginating parts and
BC–RS contact (Figs. 6E, 6F).
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FIGURE 6. Morphological parameters in three different invagination patterns of macaque RSs. (A) Ribbons, arciform densities, and triads.
Bs, BC with a straight invaginating dendrite; By, BC with a y-shaped invaginating dendrite. In β and γ , one of the two ribbons connect
with two triads. (B) Number of the spherules that have one (1R), two (2R), or three (3R) ribbons, and two (2A) or three (3A) arciform
densities are plotted for each pattern. In β, one spherule has 3R, and in γ , one spherule has 1R. In all other cases, a spherule has 2R.
(C) Electron micrographs showing a ribbon (Rib, arrowhead) and arciform density (AD, arrow) in the spherules. AD is absent in the left-
sided micrographs. (D) The differences in the length of ribbon edges (left) or the arciform densities (right) per spherule between any two
of α, β, and γ patterns were not statistically significant (t test, P > 0.1 for any pair, n = 10 for each pattern). (E) The mean surface areas
of the RS, HC, and rod BC invaginating portions and the rod BC–RS interface are plotted with the SD bars. The differences between any
two of the three patterns of α, β, and γ in each RS, HC, BC, and BC–RS were not statistically significant (t test, P > 0.1 for any pair, n = 6
for each pattern). (F) (Upper) The cell membrane contours of the RS invaginating pouch and BC and HC invaginating neurites. Arrowheads
indicate fluffy densities on the inner side of the RS membrane facing rod BC dendrites. (Lower) The total surface areas were not statistically
significant between any two patterns (α: 26.8 ± 2.8, β: 25.5 ± 3.0, and γ : 24.4 ± 2.3 μm2; t test, P > 0.1 for any pair, n = 6 for each pattern).
Error bar: SD of the total surface area.

These 30 spherules usually had two ribbons but two or
three arciform densities. In the case of two arciform densi-
ties like the 2B-2H-2T pattern of spherules, two ribbons
were associated with two arciform densities in a one-to-one

manner. However, two ribbons were not enough in the case
of three arciform densities like the 2B-2H-3T and 3B-2H-3T
patterns of spherules. A long ribbon covered two adjacent
arciform densities, whereas a short ribbon covered only one
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FIGURE 7. Comparison of invagination parameters between mouse and macaque. (A) (a) Percentage of the spherules that have one (1R)
or two (2R) ribbons and two (2A) arciform densities that are plotted for both species. Half of the spherules have 1R, and the other half
have 2R in the mouse (n = 20), but all the spherules have 2R in the macaque (n = 10). (b) The arciform density and the ribbon edge per
spherule were longer in the macaque (n = 30, including 3 patterns) than in the mouse (n = 20) by ratios of 1.4 and 1.6 (t test: P < 0.001),
respectively. (c) Consecutive bar graphs showing the mean surface areas of the RS, BC, and HC invaginating portions: 8.3, 2.5, and 7.1 μm2
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(n = 8) in the mouse, and 10.6, 4.0, and 11.0 μm2 (n = 18) in the macaque. The total surface area of RS, BC, and HC portions was 1.4-fold
greater in the macaque than in the mice (t test, P < 0.001). (d, e) Histograms of the number of invaginating rod BC dendrites (nBB:1B to
4B at left) and the number of triads (nTT: 1T to 5T at right). Between these two, a histogram of the nBB → nTT patterns shows the effect
of internal bifurcation on the alteration from nBB to nTT. On average, both nB and nT values were 1.2- and 1.4-fold greater in the macaque
than in the mouse (t test: P < 0.001 for both). The number of spherules is shown above each bar. (f) The area of BC surface contacting
the RS membrane was 1.8-fold greater in the macaque (2.46 ± 0.58, n = 18) than in the mouse (1.43 ± 0.28, n = 8) (t test: P < 0.001).
(B) Comparison of the polyad groups between the mouse, macaque, and human. The macaque (4.37 ± 0.57, n = 200) and human (4.44 ±
1.26, n = 50) had more invaginating neurites than the mouse (3.98 ± 0.13, n = 173). The difference was statistically significant between the
mouse and macaque (t test: P < 0.001) and between the mouse and human (t test: P = 0.01). However, the difference was not statistically
significant between the macaque and human (t test: P = 0.68). The total number of invaginating neurites is shown in each parenthesis.
(C) The compositions of rod BC and HC neurites at the aperture observed in the mouse and macaque and those implicated for the human.

arciform density (Figs. 6A, 6B). There was one case (3B-
2H-3T) where one ribbon was associated with three arci-
form densities. Nevertheless, all the spherules with the three
different patterns had almost the same length of ribbon
edges and arciform densities per spherule. There was no
significant difference between any pair of three patterns
(Fig. 6D). Notably, the ribbon edges were slightly longer than
the arciform densities.

The surface areas of the RS invaginating pouch and HC
invaginating processes varied in nearly the same range of 10
to 15 μm2 per spherule. The surface area of rod BC invagi-
nating dendrites changed from 3 to 5 μm2 per spherule,
and the BC-RS contact area was nearly constant at 2.5 μm2

per spherule. We found no significant differences in the
surface areas of each site between any pair of three patterns
(Fig. 6E). Accordingly, the total area comprising RS, HC, and
BC invaginating parts was nearly 25 μm2 per spherule for
any pattern. There were no significant differences between
any pair of three patterns (Fig. 6F).

Comparison of Synaptic Configurations Between
Mouse and Macaque

We found a clear difference in the number of ribbons
between mouse and macaque spherules with the same
invagination pattern of 2B-2H-2T (Fig. 7Aa). Almost one
half of the 20 mouse spherules had only one ribbon asso-
ciated with two arciform densities, and the other half had
two ribbons associated with arciform densities in a one-
to-one manner. By contrast, no macaque spherule had one
ribbon, but all the ten macaque spherules had two ribbons
associated with their respective arciform densities. While the
arciform density was shorter than the ribbon edge in both
species, both the arciform density and the ribbon edge were
longer in the macaque than in the mouse by ratios of 1.4
and 1.6 (Fig. 7Ab). Likewise, the total surface area compris-
ing the RS, rod BC, and HC invaginating parts was greater in
the macaque than in the mouse by a ratio of 1.4 (Fig. 7Ac).

We compared two histograms of rod BC invaginating
dendrites (Figs. 7Ad, 7Ae; left) and triads (Figs. 7Ad, 7Ae;
right) and one more histogram of the increments from nB
to nT due to internal bifurcation (Figs. 7Ad, 7Ae; between
the left and right histograms). All these data are derived
from Figure 5B. Notably, 38% (76/200) of the macaque
spherules have at least one internal bifurcation of the rod BC
dendrite, whereas only 3% (6/173) of the mouse spherules
have one internal bifurcation. Thus the internal bifurcation
is thought to contribute to a high diversity of invagination
patterns in the macaque spherules.

The surface area of the BC–RS contact was broader in the
macaque than in the mouse by a ratio of 1.8 (Fig. 7Af). Over-

all, the macaque has more developed subcellular structures
for the rod–rod BC synapse than the mouse.

DISCUSSION

Missotten15 characterized two different types of neurites
invaginating the RS in the human retina (see Figure 15 of
their study). The first type corresponded to rod BC neurites
and the second type to HC neurites; the number of rod BC
neurites varied from one to five, whereas the number of
HC neurites was usually two but sometimes three. Because
rod BC and HC neurites could not be discriminated at the
aperture, Missotten15 only presented a histogram showing
the total number of rod BC and HC neurites. In line with
Missotten’s data format,15 in the present study, we compared
the total number of rod BC and HC invaginating neurites in
mouse and macaque spherules with that in human spherules
(Fig. 7B). Almost all spherules were tetrad in the mouse,
whereas about two-thirds were tetrad and one-third were
pentad in the macaque. In human spherules,15 either tetrad
or pentad was around 30%, dyad and triad comprised about
20%, and hexad and heptad comprised the remaining 20%.
We speculate that human heptad spherules have 4B-3H, 5B-
2H, or both compositions. Based on the present observa-
tion, the possible arrangements of rod BC and HC neurites
from dyad to heptad at the aperture of human spherules
are shown, together with mouse and macaque spherules,
in Figure 7C.

Ribbon synapses of RSs must result from morphogenesis
based on the genetic blueprint of each animal. The spherules
in the present samples came from a region of the highest
rod densities. Variation in their morphological parameters
is thought to arise from fluctuations in molecular processes
during development and growth. Macaque spherules were
more variable than mouse spherules in the parameters relat-
ing to invagination patterns. The number of ribbons ranged
from one to three in the macaque but one to two in the
mouse. The number of triads or arciform densities ranged
from two to five in the macaque but always two in the mouse.
The rod BC invaginating neurites ranged from one to four in
the macaque but from one to two in the mouse. The internal
bifurcation occurred 10-fold more frequently in the macaque
than in the mouse. Taken together, the number of different
invagination patterns was ten in the macaque but only two
in the mouse. In addition, some rod BC dendrites externally
bifurcated toward the same spherule to provide two invagi-
nating neurites. These events were threefold more frequent
in the macaque than in the mouse. Thus the total number of
branching configurations was 14 in the macaque but three in
the mouse, as summarized in Figure 5. These differences in
variation between macaque and mouse spherules may relate
to greater space availability in the macaque retina.
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Despite such inherent variation, what parameters are rela-
tively constant must be important from the reliable signal-
ing point of view. The arciform length and the ribbon length
were independent of the invagination patterns. Each average
value was nearly the same among the three patterns. Like-
wise, the surface area per spherule of the BC-RS interface,
the RS pouch, the rod BC neurites, and the HC neurites were
each invariant among three patterns (Fig. 6). It may widen
the scope further to compare these parameters between
macaque and mouse spherules. Migdale et al.11 reported
that the total surface area of the RS pouch and the BC and
HC invaginating neurites had little variation between the
monkey (n = 2), human (n = 4), and cat (n = 1) in terms of
the mean value (20.3 ± 2.7 μm2, n = 7 rods). Using a larger
sample size than theirs, we found a significant difference
between mouse (18 ± 2.8 μm2, n = 8) and macaque (26 ±
2.0 μm2, n = 18). The macaque-to-mouse ratio of the total
surface area of invagination was 1.4. This ratio is consistent
with the macaque-to-mouse ratios of other partial surface
areas, as summarized in the Table.

As briefed below, two bridges at the BC–RS interface
harness many key molecules for rod signaling. Presynap-
tic adhesion protein ELFN137 anchors postsynaptic mGluR6
and possibly serves as a transsynaptic allosteric modu-
lator. The presynaptic membrane holds the dystrophin-
dystroglycan complex,24,33 likely to be observed as the fluffy
density.25 Proteoglycan pikachurin connects that complex
to the postsynaptic orphan receptor GPR17938–40 associ-
ated with TRPM1 channels. A G-protein signaling cascade
combines both trans-synaptic parts at the rod BC dendrites
to generate a membrane potential response. The surface area
of the BC-RS interface indicates the spatial capacity for an
installment of these molecules. The wider the surface area
is, the more molecular units may settle in, and the number of
molecular units may be related to the signal-to-noise ratio.
In this context, although indirectly, we can assume that the
surface area is associated with the quality of signals.

Human rod photoreceptors respond to the absorption
of a single photon.41 Baylor et al.42 detected a small but
measurable reduction of inward current in macaque rods in
response to the absorption of one photon. In the darkness,
the neurotransmitter glutamate is released from the active
zone of each ribbon synapse at the highest rate. The subse-
quent diffusion may produce a local concentration gradi-
ent of glutamate in the extracellular synaptic cleft. The 1.4-
fold longer arciform density in the macaque compared with
the mouse may indicate a relatively more expansive active
zone for glutamate release. The number of elementary events
of glutamate exocytosis is assumed to be proportional to
the arciform length on the presynaptic side. On the post-
synaptic side, the number of mGluR6-mediated TRP chan-
nels is presumed to be proportional to the BC-RS contact
area,25 which is 1.8-fold broader in the macaque than in the
mouse. Sequentially, the single-photon absorption evokes
the cGMP-mediated membrane voltage hyperpolarization,
the Ca-mediated exocytosis of glutamate at the RS active
zone, and the membrane voltage depolarization by TRP
channels via a cascade of mGluR6 and G-proteins at rod BC
dendrites. In unison, numerous molecular elementary events
such as exocytosis and channel gating may occur.

The signal-to-noise ratio of a single-photon response in
rods and later stages is defined as the ratio of the peak
amplitude of single-photon response to the SD of the noise
fluctuations of the baseline.43–45 For example, the peak
membrane potential is derived from the averaged value over

multiple channels. Given the stochastic nature of molecu-
lar events, the signal-to-noise ratio improves according to
the square root of the number of elementary events accord-
ing to the law of large numbers. The signal-to-noise ratio of
the single-photon transduction in rods is reported to be 3.7
for mice44,46,47 and 4.5 to 7 for monkeys.43,44 Thus monkey
rods have a 1.2 to 1.9 times higher signal-to-noise ratio than
mouse rods. Based on our present morphological data, it
is estimated that the signal-to-noise ratio of signal transfer
at the BC-RS interface is 1.2 or more times higher in the
macaque than in the mouse at both presynaptic and postsy-
naptic sides.

Here, a notion according to the symmorphosis48,49 may
work: a functional chain of multiple signal transfer links is
only as strong as the weakest link. It may not be an accident
that the macaque rod has the signal transfer capacity with
a 1.2 or more times higher signal-to-noise ratio improve-
ment than the mouse rod in a series of events comprising
photoelectrical transduction, presynaptic vesicle release, and
transmitter-modulated channel opening.

A recent study revealed substantial differences between
primate and mouse retinas in how rod signals traverse the
retina.50 In primates, rod signals traverse the retina in various
functional forms almost exclusively through the primary rod
bipolar pathway rather than other parallel pathways. This
high functional capacity of the primary pathway appears to
be consistent with the well-developed RS synaptic complex,
which is thought to be strongly correlated with space avail-
ability in primate retinas. Whether this space availability may
also benefit synaptic wiring at regenerating RSs in humans
compared with mice requires further elucidation. The HC
invaginating processes are postulated to have a negative
feedback pathway to the RS and a feedforward pathway
to the rod BC invaginating dendrites.30,51–54 In this study,
we have identified presynaptic morphology, including small
vesicles and large coated vesicles in the HC processes in the
mouse retina (Fig. 4F). These results further confirm Linberg
and Fisher’s31 findings for the human retina as a common
mammalian ultrastructural basis.
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