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Microtubules in tau-expressing cells also have the same polar-
ity’. Therefore, the polarity of microtubules in dendrites must
be determined by factors other than interaction with MAP2
alone.

The mechanism underlying the bundling of microtubules
by MAP2 and tau is likely to be complex®>?*. Nonetheless,
the present study clearly shows that in cells expressing a single
brain MAP species, crossbridges between microtubules are
formed whose length varies as a function of the length of the
N-terminal arm. Furthermore, the inter-microtubule spacing also
depends on the length of the N-terminal arm. Thus, the
projection domains of these molecules seem likely to be key
determinants of the spacing between microtubules in dendrites
and axons. O
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THE retinae of Old World primates contain three classes of
light-sensitive cone, which exhibit peak absorption in different
spectral regions’ ™. But how are the different types of cone arranged
in the hexagonal mosaic of the fovea? This question has often
been answered with artists’ impressions®”, but never with direct
measurements. Staining for antibodies specific to the short-wave
photopigment has revealed a sparse, semiregular array of cones®;
but nothing is known about the arrangement of the more numerous
long- and middle-wave cones. Are they randomly distributed, with
chance aggregations of one type, as Hartridge postulated in these
columns nearly 50 years ago”'®? Or do they exhibit a regular
alternation, recalling the systematic mosaics seen in some non-
mammalian species®''? Or, conversely, is there positive clumping
of particular cone types, as might be expected if local patches of
cones were descended from a single precursor cell? We have made
direct microspectrophotometric measurements of patches of foveal
retina from Old World monkeys, and report here that the distribu-
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tion of long- and middle-wave cones is locally random. These two
cone types are present in almost equal numbers, and not in the
ratio of 2:1 that has been postulated for the human fovea.

Post-mortem tissue was made available to us from talapoin
monkeys (Cercopithecus talapoin) that had been used in unre-
lated endocrinological studies. When the fresh retina was dissec-
ted under dim red light, the fovea was usually visible as a dark
spot. A retinal fragment that included the fovea was mounted
on a slide, was divided by two or three strokes of a razor blade,
and was then partially dispersed by gentle pressure on a cover
slip. On occastion we were able to produce small fragments of
intact retina that were suitable for microspectrophotometry and
yet were extensive enough to answer the present question. The
absorbance spectra of individual receptors were measured with
a modified dual-beam Liebman microspectrophotometer under
computer control'?~'*; the numerical apertures of the condenser
and objective were 0.4 and 0.9, respectively®. With the help of
an infrared converter, the measuring beam (2 wm square cross-
section) was aligned so as to pass axially through a given cell
while the reference beam passed either outside the retinal frag-
ment or in a space between photoreceptors. The spectrum was
scanned from 750 to 370 nm and back to 750 nm. To minimize
the effects of bleaching, only one absorption spectrum was
usually obtained from a given cell, but two independent esti-
mates of the baseline absorbance spectrum were always obtained
by arranging both beams to pass outside the cell. In the case of
cells that absorbed at short wavelengths, we checked that the
pigment was photolabile by repeating the absorbance measure-
ments after bleaching the cell with white light for 5 min.

We were able to measure 30-40 receptors in a given patch.
Although microspectrophotometric measurements are usually
made by passing the beam transversely through the outer seg-
ment'®, our measurements of cells in these foveal patches were
necessarily axial; the absorption spectra may thus be subject to
minor distortion by inert pigments in the inner segments®, by
waveguide effects, or by scattering in other retinal tissue.
Nevertheless, we were always able to assign a cone to one of
three categories without ambiguity. In Fig. 1 we plot the
wavelength of peak sensitivity (A,,,,) for each of the long- and
middle-wave cones recorded in the present study, including
those used to construct Fig. 2: there is a clear separation of
cones into two distinct classes and so we can be confident that
our axial records are adequate for the present purpose of
classification.

In Fig. 2 we show at the upper right a typical fragment of
foveal retina from one of our preparations. The solid outline
encloses the subset of the array that we were able to characterize
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FIG. 1 The distribution of A, values for all middie- and long-wave cones
in our sample, including those used in the construction of the schematic
matrices of Fig. 2. For each individual record, the A, was estimated by
fitting a template to the long-wave limb of the absorbance spectrum®*?,
Note that we have included in this sample some records that would not
pass our standard criteria® if our purpose were to establish the exact form
of the mean absorbance spectrum. Nevertheless, the records fall into two
distinct groups and there is no ambiguity in classifying individual cells as
middle- or long-wave.
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FIG. 2 The photograph at the upper right is of a
fragment of fresh retina focused at the level of o
the outer segments and recorded on video by
means of an infrared television camera per-
manently mounted on the microspectrophoto-
meter. Scale bar, 10 wm. The solid outline encloses
the area within which we measured each individual
receptor. Immediately below the photograph, we
show schematically the corresponding array of
cones: long-, middle- and short-wave cones are
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represented by red, green and blue discs, respec-
tively. For the three cones indicated, we show to
the left their individual absorbance spectra, which
are typical of those on which we base our
classification; the solid curves fitted to the data
are templates based on the Dartnall nomogram*®
displaced on a log frequency abscissa®. The lower
part of the figure shows four other retinal patches
that have been similarly analysed.
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fully. To the left are shown examples of individual absorbance
spectra for the three types of cones: the A.,, values lie close to
565, 535 and 430 nm, as is typical for Old World primates'™.
On the basis of similar spectra, we assigned each of a sample
of 183 cones to one of three classes and so derived the matrices
shown symbolically in the remainder of Fig. 2. The patches
shown are drawn from five eyes from four female monkeys.

It is at once clear from Fig. 2 that the long- and middle-wave
cones of the primate retina do not form the regular, systemati-
cally alternating array that has sometimes been postulated.
Clumping of cones of the same type is apparent, but is this more
than the chance aggregation that arises in any random distribu-
tion>'? For the five patches shown, we have counted the transi-
tions between two middle-wave cones, between two long-wave
cones, and between cones of different types. The counts were
made in one, arbitrary, direction (corresponding to the long axis
of the fragment) and transitions involving short-wave cones
were excluded. A x? test showed that the frequencies of the
three possible types of transition did not differ significantly from
the values expected if the identity of a cone were independent
of the identity of its neighbours and reflected only the absolute
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probability of that cone type (x> = 1.22, d.f. =2). If there is any
bias, it is towards aggregation rather than alternation.

Our finding that the foveal matrix is random rather than
ordered has implications for the nature of the post-receptoral
channels that subserve spatial and chromatic resolution. It would
not be possible for the same midget ganglion cells to be optim-
ized for both functions. Chromatic specificity of centre and
surround inputs'” would require that the ganglion cell’s oppos-
ing inputs are not always drawn from cones that are nearest
neighbours. Conversely, if spatial resolution is optimized in the
sense that opposing inputs are drawn from neighbouring cones,
then the surround inputs cannot always be drawn from a single
class of cone'®. In either case, the random clustering of cones
of one type must constrain colour discrimination at high spatial
frequencies, and also has implications for chromatic aliasing’.

Of the 183 cones in our sample of intact retinal patches,
long-wave, middle-wave and short-wave cones are present in
the ratios 86:92:5 (47%, 50%, 3%). These records from intact
patches are a subset of a total of 557 cones recorded from four
male and six female talapoin monkeys. If we include all records
(from intact patches and from isolated receptors) the corres-
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ponding ratios are 256:289:12 (46%, 52%, 2%). The rarity of
short-wave cones is concordant with earlier estimates, using
direct and indirect means of identifying these receptors!~*%!%:20,
but we have not ourselves seen any indication that the short-wave
cones occur as interruptions to the regular foveal matrix, as has
sometimes been reported®'. The ratio of long- to middle-wave
cones ranges from 1.6 to 0.42 for samples from individual
animals and for the total sample has a value (0.89) that does
not differ significantly from unity (x*>=1.87; d.f. = 1). This value
is consistent with our earlier results for a number of catarrhine
species* and with the results of Harosi® and of Baylor, Nunn
and Schnapf? for macaques, but it is extremely unlikely (y* =95,
d.f.=1, P<0.001) that our sample could be drawn from a

population with a ratio of 2: 1, the ratio that has been proposed
for man on the basis of psychophysical measurements®>>.

If this species difference proves to be real, two questions arise.
First, what ecological factors have led to a more balanced
proportion of long- and middle-wave cones in monkeys than in
man? (Is it that good colour vision at small visual angles has
been more important for frugivorous monkeys than for our own
recent ancestors’*?) Second, what is the molecular genetic
mechanism that in monkeys leads to a near 1:1 ratio but in man
to a strong bias in favour of long-wave cones? If we knew the
answer to this question, we should be close to understanding
the clinically important issue of how the expression of opsin
genes is controlled. d
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THE thymus positively selects thymocytes that bear T-cell recep-
tors which recognize antigen presented by self major histocompati-
bility complex (MHC) proteins'?. Positive selection is usually
driven by MHC products on radiation-resistant cortical epithelial
cells*®, It is unknown whether positive selection is mediated by
all thymic epithelial cells or by some specialized subsets®. Here
we introduce an H—2"-expressing thymic epithelial cell line into
the thymuses of lethally irradiated H-2* animals reconstituted
with H-2""* F, BM or fetal liver cells. I-A"-restricted T cells are
found in these animals, demonstrating that selection occurs on the
introduced epithelial cells.

Long-term thymic cultures were established from C57BL/6
(H-2") mice. One clone, 2E4, was chosen on the basis of its
reactivity with anti-cytokeratin antibodies. 2E4 cells were con-
stitutively I- A®-negative and bore low amounts of H-2K®. High
levels of both molecules were detected on 2E4 after interferon-y
(IFN-y) treatment, an effect previously observed with other
cultured thymic epithelial cells®. 2E4 cells did not express
markers found on macrophages and dendritic cells, for example
CD45, CDl11a/18, HSA, CD11b/18, MAC-2, F4/80, and
FcyRII/III. As for most cultured thymic epithelial lines,
attempts to determine whether the 2E4 clone was derived from
the cortex or the medulla were inconclusive.

2E4 cells pretreated with IFN-y presented the superantigen
staphylococcal enterotoxin B, which does not require process-
ing, to the DO-11.10 T-cell hybridoma (Fig. 1). 2E4 cells presen-
ted chicken ovalbumin efficiently to BO-97.11, but very poorly
to DO-11.10. But DO-11.10 was stimulated by the ovalbumin
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FIG. 1 Antigen presentation by 2E4 epithelial cells. The capacity of 2E4 cells
(H-2°) to present chicken ovalbumin (OVA), OVA peptide 327-339, and
staphylococcal enterotoxin B (SEB) to T-cell hybridomas was compared to
that of fresh splenocytes from C57BL/10 mice (H-2°) or that of the thymic
H-2° macrophage cell line 1G.18LA.

METHODS. One of us {(D.l.G.) established long-term cultures from thymuses
of 6-8-week-old C57BL/6 female mice in a-MEM supplemented with 10%
fetal calf serum, 10% horse serum, 5x107°M 2-mercaptoethanol and
5 %1077 M hydrocortisone. Cultures were passaged for several months and
the 2E4 clone was obtained by two rounds of cloning and thereafter cultured
in complete medium without hydrocortisone. Antigen presentation was
assayed essentially as described’. Briefly, 2E4 and IG.18LA cells (gift from
A. Zlotnik”) were plated in microculture plates (2.5x10* per well) and
incubated in the presence of IFN-y (200 Umi ™) for 48 h. Cells were washed
and OVA-specific T-cell hybridomas BO-97.11 (restricted by H-2°) or DO-
11.10 (restricted by H-2° or H-2% TCR V38.2*) were added at 10° per well.
Fresh splenocytes (10° per well) from C57BL/10 mice were also used as
a source of antigen-presenting cells. Cultures were incubated for 24 h with
1 mg mi~ OVA (Sigma), 30 g mi™* OVA peptide 327-339 (Macromolecular
Resources) or 10 pg mi™* SEB (Sigma). Interleukin 2 (IL-2) was assayed
using HT-2 (ref. 21) and expressed as relative units per ml. No IL-2 was
detected without preincubation of the 2E4 or 1G.18LA cells with IFN-1y.
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