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(1) To construct plasmid pMTI, we isolated an Msp
I-Pst I fragment containing sequences from posi-
tions —38 to +89 of Asp70 from pXTI (a pUCI3X
(7) derivative containing the Xho I-Pst I fragment
from —89 to +89 of ksp70 between the Xho I and
Pst I sites), and the Msp I sticky ends were filled in
using the Klenow fragment of DNA polymerase 1.
An Xho I-Bam HI adapter sequence, CCTCGAGG-
GATC, was added to the filled-in Msp I site,
creating a Bam HI site at position —39. This
fragment was then cloned into Xho I and Pst I
digested pUC13X. (ii) To construct pXNI, we first
digested pUC13X with restriction enzyme Xba I,
and the sticky ends were removed with mung bean
nuclease, and then digested with Xho I. The Xho I-
Nru I fragment containing sequences from —89 to
=50 of hsp70 was isolated from pXTI and cloned
into the Xba I- and Xho I-digested pUC13X. This
construction recreated the 14-bp heat-shock consen-
sus of site I with a Sal I site (in italics) immediately
downstream of the consensus, CIcGAAtgTTC-
gAGrggac. (iii) To construct plasmid pXBSB, we
cloned a Bam HI-Pst I fragment from pMTI (-39
to +89 of Asp70) into pUCI3 to generate plasmid
pSB. pSB was then digested with restriction en-
zymes Bgl I and Sma I, and the vector fragment was
purified and ligated to a purified Bgl I-Xho I
nonvector fragment from pAZX (Xho I end was
filled in with the Klenow fragment), and excess Bgl
1I linker, GGGAGATCTCCC. The Bgl II linker was
inserted between the Sma I and Xho I sites. The
sequence TTTCTAGAAA was then cloned as dimer
or monomer into the Sma I site of pXBSB. The Bgl
1I-Bam HI fragment containing the dimer or mono-
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mer was polymerized with T4 DNA ligase to gener-
ate the regulatory regions for 70Z2.2 and 70Z4.1,
respectively.
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Multipotent Precursors Can Give Rise to
All Major Cell Types of the Frog Retina

RicHARD WETTS* AND ScorT E. FRASER

A prospective lineage analysis was performed to determine the variety of cell types that
could be formed by individual precursor cells of the developing frog retina. Fluores-
cent dextran was iontophoretically injected into single cells of the embryonic optic
vesicle. After further development of the embryo, labeled descendants were observed in
all three layers of the larval retina. Furthermore, different clones were composed of
various combinations of all major cell types, including the glial Miiller cells. Hence,
single optic vesicle cells have the potential to form any type of retinal cell, suggesting
that the interactions that specify the differentiation pathway of retinal cells must occur

late in development.

NE OF THE CENTRAL QUESTIONS

of developmental biology is how

different cell types are created in
the correct numbers and positions. One
approach to this question is to examine the
lineages of the cells that make up the em-
bryo. The cell lineage reveals what cell types
share common ancestors and when different
lineages diverge. In some embryos, such as
that of the nematode Caenorbabditis elegans,
the complete cell lineage was elucidated by
direct observation of the embryo with No-
marski optics (I). These data were required
for subsequent analyses of both the cell
interactions and the molecular mechanisms
that might subserve them (2). Such an ap-
proach has not been possible in the verte-
brate nervous system, because the large
numbers and undifferentiated state of the
precursor cells make it impossible to directly
identify and follow single cells and their
descendants. Thus, it remains possible that
the wide variety of neural cell types arises
either from a collection of prespecified pre-
cursors, cach restricted to only one cell type,
or from multipotent precursors, each able to
give rise to the full range of cell types.

We have examined cell lineages in the
neural retina of the frog by injecting single
cells of the optic vesicle with lysinated rho-
damine dextran (LRD). Fluorescent dex-
trans (3) serve well as lineage markers be-
cause their size and charge prevent their
escape from the injected cell or from its
descendants through either cell junctions or
cell membranes. Microinjection of fluores-
cent dextrans into blastomeres, which are
relatively large, making it easy to inject dye
into them, has permitted studies of early
embryonic lineages in a variety of inverte-

brates (4) and vertebrates (5). We have
refined the techniques for iontophoretically
injecting fluorescent dextrans into small and
fragile cells, such as retinal precursor cells.
The neural retina has been extensively stud-
ied (6) and offers several advantages for cell
lineage studies. (i) It has relatively few cell
types: the photoreceptors in the outer nucle-
ar layer (ONL); the horizontal, bipolar,
amacrine, and glial Miiller cells in the inner
nuclear layer (INL); and the ganglion cells
in the ganglion layer (GL). The laminar
organization to some extent facilitates the
identification of cell types. (ii) The precur-
sor cells in the lateral portion of the optic
vesicle are accessible for microinjection. (iii)
In the frog, the cells quickly develop into a
functional retina. Neuron birthdates begin
soon after the optic vesicle stage, at stage 29
(7), and the lamination begins around stage
39 (3 days after fertilization).

At the end of each microinjection (8),
direct visual observation of a single fluores-
cently labeled cell confirmed a successful dye
fill. In some cases this visual confirmation
was ambiguous because of suboptimal view-
ing conditions (distortion by the overlying
tissue or by the meniscus of the solution).
To independently verify that the technique
consistently yields single dye-filled cells, six
animals with several injections each were
fixed immediately (within 5 minutes) after
injection. Histological sections (Fig. 1A)
revealed that 16 of 17 injections resulted in
single labeled cells. In the remaining case,
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one labeled cell was in the optic vesicle,
while another was in the overlying epider-
mis, through which the electrode must pass.
The clones arising from these two precur-
sors would have been easily distinguished
because of their different locations and de-
rivatives. Hence, clones arising after intra-
cellular injection of fluorescent dextran are
probably descendants of a single marked
cell.

In 27 animals, single optic vesicle cells
were injected iontophoretically with LRD at
stages 22 to 24, and the animals were raised
to free-swimming tadpoles (stages 46 to
52). The labeled founder cell proliferated,
forming a clone of cells, and the descendants
differentiated, often spreading over all three
layers of the retina (Fig. 1, B and C). In
most of the clones, the labeled cells were
distributed in a radial column, with little
spread circumferentially (laterally), similar

Fig. 1. Cells labeled with
LRD. (A) Single precursor
cells in the optic vesicle of a
stage 23 Xenopus labeled by
iontophoretic  microinjec-
tion of LRD. Portions of
three individual dye injec-
tions can be seen: two com-
plete individual cells (left
and right), and the end-feet
of a third cell (arrows),
whose cell body was in the
adjacent section. (B) A large
clone with 22 labeled cells
located in all three layers of
the retina. Since each cell
type of the retina is charac-
teristically located in one of
the three layers, this clone is
composed of multiple cell
types. Because of the high
magnification and the thick-
ness of the section, not all of
the labeled cells are in the
same plane of focus. (C) A
smaller clone composed of
multiple cell types. Of the
eight cells in this clone, two
rods, an amacrine, and a
ganglion cell are shown (ar-
rows). (D) A high magnifi-
cation view of a clone of
nine labeled cells spread
over two layers. Three of the
cells were identifiable: a
cone at the top, with wide
outer segments; a horizontal
cell below the cone, with a
process running to the right
in the outer plexiform layer;
and an amacrine cell at the
inner edge of the INL, with
a process (out of the plane
of focus) running to the
right in the inner plexiform

to the narrow columns of clonally related
cells that have been described in the rat
retina (9, 10). In the narrowest clones, the
cells of the INL were completely unmixed
with the neighboring, unlabeled cells. In the
widest clones, the spread was only about six
cell diameters. Since each layer in the retina
is composed of characteristic cell types, the
laminar position of labeled cells offers infor-
mation about their cell types. In all but
seven of the 61 clones examined, the labeled
cells were distributed over two or three of
the retinal layers (Table 1). This predom-
inance of multilaminar clones indicates that
most of the injected cells are multipotent.
The restriction of some clones to only one
layer may result from either a lineage restric-
tion or limited cell mixing in the radial
direction. To gain some insight into these
possibilities, the sizes of the different clones
were compared to their laminar distribution.

layer. (E and F) A clone composed of both glial and neuronal cells. The glial Miiller cells (E) are
recognized by the characteristic radial processes in the inner plexiform layer and their end-feet at the
vitreal surface. In a different plane of focus (F), labeled cone and ganglion cells (arrows) are visible. The
high autofluorescence in this section allows the three retinal layers to be visualized. The vitreal surface of
the retina is toward the bottom of all figures. Scale bar is 70 wm in (A), 30 pm in (B), 50 wm in (C),

(E), and (F), and 20 pm in (D).
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In general, larger clones were distributed
over more layers (see Table 1).

The identification of the labeled cell types
by their laminar position, especially in the
INL in which there are four major cell types,
is incomplete. For some cells, a more com-
plete identification, based on cell morpholo-
gy, was made possible by the Golgi-like
images (11) produced when the LRD fills a

Table 1. Laminar distribution of labeled cells of
single clones. Each entry represents one clone (all
descendants of a single injected cell), and the
value indicates the number of cells in that clone.
The columns give the number of layers over
which each clone is spread. Sixty-one clones from
27 animals are presented. In those animals with
more than one clone, each cluster of LRD-labeled
cells was distinctly separate from all of the other
clones in the same retina. Although all injections
were performed at essentially the same stage,
some clones are quite small, yet others are relative-
ly large. The smaller clones are not located closer
to the central retina, where the cells withdraw
from the cell cycle earlier than in the periphery (7,
16). The wide variety of clone sizes suggests that
the processes controlling withdrawal from the
mitotic cycle and differentiation might be some-
what stochastic. The mean size of the three-layer
clones is significantly larger than the means of the
one- and the two-layer clones (P < 0.001, pro-
tected ¢ test), and the one- and two-layer clones
are significantly different from one another
(P < 0.05). This relation between clone size and
laminar distribution suggests that precursors may
have had the potential to form many cell types but
by chance gave rise to only a few cells, and hence
only a few cell types were actually formed.

Number of cells

One
layer

Three
layers

4

8

8
10
10
11
12
15
16
16
17
17
18
20
21
21
22
22
27
28
29
30
31
34
34
34
36

Two
layers
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*Mean = SEM.
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cell’s processes (12). All major types of
neuronal and glial cells could be identified
within clones, which also include other cell
types (Fig. 1, D, E, and F). Any combina-
tion of different cell types could be derived
from a single labeled precursor (Table 2).
Even small clones located in one or two
layers appeared to consist of multiple cell
types. The same range of cell types was seen
in clones of all sizes. Together these observa-
tions show that optic vesicle cells are multi-
potent for all major types of retinal cells.
The present fluorescent dextran study
confirms and exterids the results of experi-
ments in which retroviral vector was used to
study lineages in the postnatal rat retina (9,
10). On the basis of the argument that a
clustered group of labeled cells represented
the descendants from a single infected pre-
cursor, the retroviral study suggested that
single precursor cells can give rise to any
three of the four retinal cell types that arise
postnatally. Turner and Cepko (10) further
suggested that the data from their smallest
clones support the proposal that cell type
might be specified as late as after the last cell
division. Because our LRD injections were
performed at the optic vesicle stage, the
majority of our clones were relatively large
compared to the retrovirus-labeled clones,
which were infected at a later stage of retinal
development. The larger size of our clones
prevents a direct determination of the exact
time of specification of the differentiated
phenotype; however, the diverse cell types
observed in even the smallest LRD-labeled
clones supports the suggestion of Turner
and Cepko (10). Because the LRD labeling
was accomplished at an earlier stage, all
major cell types were represented in the

clones reported here, including cone, hori-
zontal, and ganglion cells. Hence, the pre-
sent study extends the retrovirus study in
two ways, by following the descendants of
confirmed single precursors and by showing
that retinal precursors are multipotent for all
types of retinal cells (13). The two ap-
proaches support the same conclusion: cell
type specification occurs late in vertebrate
retinal development. The similar results ob-
tained from frog and rat suggest that the
developmental mechanisms that specify cell
types in the retina may be universal to all
vertebrates.

The wide variety of cells produced by any
one precursor brings to the forefront the
question of how the relative numbers of
different cell types are regulated. There is
evidence that specification of cell type may
occur by short-range, cell-cell interactions.
In one study, the tyrosine hydroxylase—im-
munoreactive neurons of the frog retina
were ablated with 6-hydroxydopamine (14).
The ciliary margin, which produces new
cells throughout the animal’s life, increased
its production of tyrosine hydroxylase—im-
munoreactive cells. The specificity of the
overproduction suggests that differentiated
postmitotic cells provide feedback informa-
tion to the ciliary margin, and thereby influ-
ence the differentiation of new cells. Prelimi-
nary evidence from fluorescent dextran in-
jections indicate that the ciliary margin is
composed of multipotent proliferative cells
similar to those in the optic vesicle (I5).
Therefore, it appears that preexisting neu-
rons can influence the phenotypes of the
cells produced by these multipotent precur-
sor cells. In the developing eye vesicle, a
similar feedback mechanism may be operat-

Table 2. Combinations of recognized cells in clones derived from single optic vesicle cells. For each
clone, the total number of cells in the clone and the number of layers involved are presented. An “x” ina
column indicates that at least one of that cell type was present in the clone. These 15 clones illustrate
that many combinations of different cell types were observed after labeling single optic vesicle cells.
There is no evidence that any of our 61 clones were restricted to producing specific cell types.
Abbreviations: Ph, photoreceptor; Hor, horizontal cell; Bi, bipolar cell; Am, amacrine cell; Mii, Miiller

cell; and Gl, ganglion cell.

Cell type

Clone Cells/layers P

name Ph Hor Bi Am Mii Gl
506F-D 8/3 X X X
506F-C 11/3 X X X X
928A 22/3 X X X X
928C 9/2 X X
601Z 12/3 b'e X X
612E 12/2 X X X
612F-C 2/2 X X
612F-D 4/3 X X X
612V 8/2 b'e X
720] 29/3 X X X X X
720K-N 12/2 b'e X X
720K-T 9/2 X X X
403H 16/3 X X X X
922F 3/1 b'e
1006E 1/1 X
1144

ing to ensure that the proper types of cells
are formed in the correct proportions. The
fluorescent dextran approach to retinal lin-
eage has provided the cellular background
required for studying the molecular events
that regulate the commitment and differen-
tiation of specific cell types.
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A Gene for Dihydrofolate Reductase in a Herpesvirus

JouN J. TRIMBLE, SHRIDHARA C. S. MURTHY, ANKE BAKKER,
RALPH GRASSMANN, RONALD C. DESROSIERS*

The enzyme dihydrofolate reductase (DHFR) is found ubiquitously in both prokary-
otes and eukaryotes. It is essential for de novo synthesis of purines and of deoxythymi-
dine monophosphate for DNA synthesis. Among viruses, however, only the T-even
and T5 bacteriophage have been found to encode their own DHFR. In this study a
gene for DHFR was found in a specific subgroup of the gamma or lymphotropic class
of herpesviruses. DNA sequences for DHFR were found in herpesvirus saimiri and
herpesvirus ateles but not in Epstein-Barr virus, Marek’s disease virus, herpes simplex
virus, varicella-zoster virus, herpesvirus tamarinus, or human cytomegalovirus. The
predicted sequence of herpesvirus saimiri DHFR is 186 amino acids in length, the
same length as human, murine, and bovine DHFR. The human and herpesvirus saimiri
DHFRs share 83 percent positional identity in amino acid sequence. The herpesvirus
saimiri DHFR gene is devoid of intron sequences, suggesting that it was acquired by
some process involving reverse transcription. This is to our knowledge the first
example of a mammalian virus with a gene for DHFR.

HREE DISTINCT BUT RELATED
groups of herpesviruses have gener-

ally been recognized. A human her-
pesvirus serves as the prototype for each of
these groups (I). Herpes simplex virus is the
prototype of the alpha group, human cyto-
megalovirus (CMV) is the prototype of the
beta group, and Epstein-Barr virus (EBV) is
the prototype of the gamma or lymphotro-
pic herpesviruses. Herpesvirus — saimiri
(HVS) and herpesvirus ateles (HVA) are T-
lymphotropic viruses of New World pri-
mates closely related to each other in se-
quence (2). Although genetic relatedness
between these New World primate viruses
and EBV was not obvious from hybridiza-
tion studies, evidence suggests HV'S is more
closely related to EBV than to alpha or beta
herpesviruses (3). HVS and HVA naturally
infect squirrel monkeys (Sasmiri sciureus)
and spider monkeys (Ateles sp.), respectively.
Herpesviruses are known to encode en-
zymes for nucleotide and DNA synthesis—a
luxury afforded perhaps by the large size of
their genomes. Herpesvirus-encoded en-
zymes involved in nucleotide metabolism
and DNA synthesis that have been identified
to date include thymidine or deoxypyrimi-
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dine kinase (4), ribonucleotide reductase
(5), DNA polymerase (6), deoxyuridine tri-
phosphatase (7), exonuclease (8), uracil-
DNA glycosylase (9) and thymidylate syn-
thase (TS; E.C. 2.1.1.45) (10). The TS gene
has been found in HVS, HVA, and in

varicella-zoster virus but not in other
herpesviruses (10-12).

Dihydrofolate reductase (DHFR; E.C.
Fig. 1. Nucleotide se- lo

. *
quence of herpesvirus  ars 61T cAa Goa cTA Aac

Sail’nil‘l Stl'a.ln 11 DNA Met Val Gln Ala Leu Asn
encoding a predicted di- o
hydrofolate  reductase.  es7 aac 176 ccT TEG Ccoa
Nucleotides 1 and 564 S =" e« Fre Tre Pro
of the sequence shown 190

are nucleotides 4532 and AcA TCT TCT GTA CCA AT

. r er
3969, respectively, of L-
DNA from the left H-L e

»
ATT CCT GAG AAG AAC CGG
Ile Pro Glu Lys Asn Arg

border. DNA of this re-
gion of HVS was cloned
previously (32, 34). Sev-
eral subclones were then
generated into PGEM
vectors (Promega). In
addition, a series of nest-
ed deletion clones were
obtained by using Exo-
nuclease III and S1 nu-
clease (36). Exonuclease
III was used to specifi-
cally digest DNA unidi-
rectionally from a 5’
protruding end. Por-
tions were removed at
various time intervals,
trimmed with S1 nucle-
ase, and religated to

as0
*
AAG GAG CTT CCA CAT AGA
Lys Glu Leu Pro His Arg
310
*
ACC GAA CAG CCA GAA TTA
Thr Glu Gln Pro Glu Leu
370
*
GTG TAT AAA GAA GCT ATG
Val Tyr Lys Glu Ala Met
430
»*
CAA GAC TTT GAA TGT GAC
Gln Asp Phe Glu Cys Asp
490
*
ATA GAA TAT CCA AGT GTT
Ile Glu Tyr Pro Ser Val
550

*
GAA GTA TAT GAG AAG AAT

Cys Ile Val

260

*
GCT CAT
Ala

320

*
GCA AAT
Ala Asn

380
*

CTT
Leu Ser

*
CAT
Glu Val Tyr Glu Lys Asn His

1.5.1.3) catalyzes the reduction of dihydro-
folate to tetrahydrofolate, an essential step
for de novo glycine and purine synthesis and
for the conversion of deoxyuridine mono-
phosphate to deoxythymidine monophos-
phate (dTMP). The central role of DHFR
in DNA precursor synthesis and its sensitiv-
ity to inhibition by drugs such as methotrex-
ate have made DHFR the target of antican-
cer chemotherapy. For these and other rea-
sons, DHFR has been extensively studied
and much is known about its synthesis,
regulation, and escape from drug inhibition
(13). Among viruses, however, only the T-
even and T5 bacteriophage have been found
to encode their own DHFR (14). In this
report, we describe a naturally occurring
DHEFR gene in a mammalian virus.

The genome of HVS contains a 110-
kilobase-pair (kbp) sequence of DNA called
L-DNA (36% G+C). This is flanked at each
end by 1444-bp repeat units of repetitive
DNA called H-DNA (71% G+C) (I15).
Our nucleotide sequencing near the left H-L
DNA border of HVS strain 11 revealed an
open reading frame of 246 amino acids that
was 187 amino acids (L-DNA nucleotides
4532-3972) in length from the first methio-
nine (Fig. 1). The amino acid sequence
predicted by this open reading frame was
highly related to sequences for cellular
DHER obtained by others (16—19) (Fig. 2).
Cellular DHFR of human, murine, and
bovine origin is initially synthesized as a
187—amino acid product, with the initiating
methionine then being cleaved to yield va-
line as the first amino acid of mature enzyme

20 30 40 50 &0
*

* *
ATT GGC ARA CAA
Ile Gly Lys Gln

*
GTT GCT GTA GCT CAA AAC ATG GGC
Ala Val Ala Gln Asn Met Gly

*
TGC ATT

80 90 100 110 120
* * *
ATG ACT ACT

* *
AGA CTT ATG AAT GAT TTT AAA CAT TTC CAA AGA

Arg Leu Met Asn Asp Phe Lys His Phe Gln Arg Met Thr Thr
140 150 160 170 180
* * » * *
AAA CAG AAT TTA BTG ATT ATG GGT AAA AAG ACT TGG TTC TCA
Lys Gln Asn Leu Val Ile Met Gly Lys Lys Thr Trp Phe Ser
200 210 220 230 240
* * » * »*
CCT TTA AAA GGC AGA ATT AAT GTT GTT CTC AGC AAG GAA CTA
Pro Leu Lys Gly Arg Ile Asn Val Val Leu Ser Lys Glu Leu

300

*

TTA AAA CTT
Leu Lys Leu

270 280 290
* * *
TTT TTA GCT AAG AGT TTA GAT GAT
His Phe Leu Ala Lys Ser Leu Asp Asp

GCT
Ala

330 340
* *
GTA GAC ATG GTC TGG ATA ATT GGA
val Asp Met Val Trp Ile Ile Gly

350 360
* *

GGT AGT
Gly Ser

TCT
Ser

AAA
Lys

390 400 410 420
» * * *
AGG ATC ATG

AGT TAT CCA TGC GAT CTT AAA CTG TTT GTG ACT

Ser Tyr Pro Cys Asp Leu Lys Leu Phe Val Thr Arg Ile Met
440 450 460 470 480
» * * » »*
ACC TTT TTT CCA GAA TTT GAT CTA GAG AAA TAC AAA CTT TTG
Thr Phe Phe Pro Glu Phe Asp Leu Glu Lys Tyr Lys Leu Leu
500 510 520 530 540
* * * »* *

TAC AAA TTT
Tyr Lys Phe

AAT GTG CAA GAA GAG AAA AGT ATT AAG
Asn Val Gln Glu Glu Lys Ser Ile Lys

TCT

560

TAA

yield clones with the desired deletions. Dideoxy sequencing reactions were resolved on buffer gradient,
6% acrylamide (1 m long) sequencing gels (American Bionetics).
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