independent positive clones were sequenced
and found to be identical to the normal
OTC sequence with the exception of a single
base change. This C to A transversion,
which was found 348 bp downstream from
the translation initiation point within two
nucleotides of the position estimated from
the RNase A cleavage pattern, results in the
replacement of a histidine residue with an
asparagine residue at amino acid position
117.

To ensure that the mutation that we had
identified was responsible for the spf pheno-
type, we examined the expression of the
wild-type OTC ¢cDNA and an OTC cDNA
bearing the C to A transversion in a tran-
sient assay by means of the ecukaryotic
expression vector p91023(B) and COS cells
(14). The mutant cDNA generated an OTC
with the same characteristic increase in activ-
ity at clevated pH that had been reported
elsewhere for OTC extracted from spf mouse
livers. In contrast, the wild-type clone gave
an OTC with slightly reduced activity at
high pH (Table 1) (4). Thus, it is almost
certain that the DNA sequence change we
have identified is the bona fide spf mutation,
and not a DNA sequence polymorphism
that is unrelated to the functional defect in
the spf OTC gene.

The characterization of the spf mouse mu-
tation at the nucleotide level improves the
utility of this model for human OTC defi-
ciency and provides the basis for simple
methods to detect the spf mutation in mouse
strains. Additionally, the strategy of muta-
tion localization by RNase A cleavage fol-
lowed by PCR amplification for rapid mo-
lecular cloning and sequencing is now
shown to be a practical and simple method
for the analysis of a new mutation.
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Physiological Evidence for Serial Processing in

Somatosensory Cortex

T. P. Pons,* P. E. GARRAGHTY, D. P. FRIEDMAN, M. MISHKIN

Removal of the representation of a specific body part in the postcentral cortex of the
macaque resulted in the somatic deactivation of the corresponding body part in the
second somatosensory area. In contrast, removal of the entire second somatosensory
area had no grossly detectable effect on the somatic responsivity of neurons in the
postcentral cortex. This direct electrophysiological evidence for serial cortical process-
ing in somesthesia is similar to that found carlier for vision and, taken together with
recent anatomical evidence, suggests that there is a common cortical plan for the
processing of sensory information in the various sensory modalities.

HE SECOND SOMATOSENSORY AREA

(SII), like the postcentral somatosen-

sory strip, has long been thought to
receive a major projection from the ventro-
posterior nucleus (VP) (I), the principal
somatic relay nucleus of the thalamus. It has
therefore been assumed that the processing
of tactile information proceeds in parallel in
these two cortical regions. Recently, howev-
er, this assumption of parallel processing in
SII and the postcentral cortex has been
brought into question by anatomical evi-
dence suggesting that VP provides only a
sparse input to SII (2). A possible alterna-
tive source of somatic activation of SII
neurons is the postcentral somatosensory
cortex, because each of the cytoarchitectonic
fields (areas 3a, 3b, 1, and 2) of which this
cortex is comprised has been found to pro-
ject densely on layers IV and lower III of SII
(3). The electrophysiological results we re-
port not only support this alternative possi-
bility but also, by showing that postcentral
ablations render SII somatically unrespon-

sive, demonstrate that the input from the
postcentral cortex is essential for the somatic
activation of SII. Our results suggest that an
important aspect of sensory processing in
touch is carried out sequentially in the cor- -
tex, by transmission of information from
lower order to higher order stations, in an
arrangement similar to that for sensory pro-
cessing in vision.

Single- and multi-unit activity was record-
ed in 11 hemispheres of seven macaques
(five Macaca mulatta and two Macaca fasci-
cularis) anesthetized with a mixture of halo-
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thane and nitrous oxide. Electrode penetra-
tions were placed 0.5 to 1.0 mm apart in a
rectangular grid across the entire extent of
either SII or the postcentral strip, and neu-
ronal responses were sampled at 200-pm
intervals through the depth of these cortical
areas. The receptive fields of the neurons at
the recording sites were determined by ap-
plying tactile stimulation at different loca-
tions on the contralateral body surface (4).
Of the 11 hemispheres studied, 5 were
intact and 6 had received lesions 6 to 8
weeks earlier of either the entire SII region
(1 hemisphere) or selected portions of the
body representations in the postcentral strip
(Fig. 1A, 5 hemispheres) (5). The postcen-
tral representations resected were those of all
body parts (Fig. 1B, 1 hemisphere), of the
hand only (Fig. 1C, 3 hemispheres), and of
all body parts except the hand (Fig. 1D, 1
hemisphere). The resections were made by
means of aseptic microsurgery while the
animals were deeply anesthetized with Nem-
butal. Subsequent histological examination
indicated that lesions and electrode tracks
were located as planned.

In the SII cortex of the intact hemi-
spheres, neurons with receptive fields for
every part of the contralateral body were
found readily, with most neurons having
fields representing loci on the glabrous and
hairy surfaces of the hand (Fig. 2A). In
contrast, at 85 recording sites through SII in
the case with a total removal of the postcen-
tral strip (Fig. 1B), no neurons could be
found that responded to tactile stimulation
of any body part (Fig. 2B). That this total
unresponsivity was not due simply to a
general postoperative depression of the SII
cortex, or to anesthetic effects, is indicated
by the results in the other cases, which
revealed highly selective somatic deactiva-
tions. Thus at 177 recording sites through
SII of the three hemispheres in which only
the postcentral hand representations had
been removed (Fig. 1C), no neurons could
be found that had receptive fields on the
glabrous surface of the hand and only a few
that had fields on the hand’s hairy surface
(Fig. 2A) (6), yet there was no difficulty in
recording responses to stimulation of all
other body parts. Similarly, at 322 recording
sites distributed through SII in the case with
a postcentral removal of the entire body
representation except for the hand (Fig.
1D), all the responsive neurons found had
receptive fields confined to the hand (Fig.
2D). In short, the elimination of any repre-
sentation in the postcentral cortex eliminat-
ed that, and only that, representation in SII.

These results were for neuronal responses
to light touch. If this low-amplitude stimu-
lation did not activate an SII recording site
in either the control or experimental hemi-
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spheres, that site was tested with the higher
amplitude tactile stimulation afforded by a
light tap. In the control hemispheres, the
increase in stimulus intensity often activated
previously unresponsive sites in SII and
yielded a distribution of receptive fields
similar to that illustrated for activation by
light touch in these same hemispheres (Fig.
2A). In contrast, in the hemispheres with
postcentral lesions, the high-amplitude stim-
ulation did not activate any previously unre-
sponsive site in SII, an indication that the
absence of somatic responses of SII neurons
was not due to an increase in their response
threshold.

The functional dependency of SII on the
postcentral cortex demonstrated by these
results is not reciprocal. Thus in the control
experiment in which we recorded across the
postcentral cortex of the hemisphere from
which the entire SII region had been re-
moved, there was no obvious alteration of
neuronal responsivity to tactile stimulation
(7). Rather, neurons with receptive fields
for all the major body parts were found
easily and, furthermore, appeared to be as
crisply responsive as those in the normal
hemispheres.

A pc

la la

In each of the cases with postcentral le-
sions, examination of Nissl-stained sections
through the thalami ipsilateral to the remov-
al revealed virtually total retrograde degen-
eration (8) in the somatotopically appropri-
ate zone in VP (9). By contrast, in cases with
SII lesions, there was no discernible degen-
eration in VP (2). These findings of thalam-
ic degeneration agree with those from recent
anatomical tracing studies in suggesting that
VD sends at most a sparse input to SII
Nevertheless, whatever the density of such
parallel inputs to SII from VP or any other
nonpostcentral source, it is clear from our
results that, in the absence of the postcentral
strip and under our experimental condi-
tions, the inputs are incapable of mediating
somatic activation of SII neurons (10).

Recent anatomical evidence has revealed
that neurons in each of the cytoarchitectonic
fields of the postcentral strip, particularly
pyramidal cells in layer IIT (11), project
densely onto layer IV and the lower part of
layer IIT in SII (3). This type of connection,
from layer III of one cortical area to layers
IV and lower III of another, has been shown
in the visual system to be the specific route
by which sensory information is transmitted

Fig. 1. (A) Dorsolateral view of a macaque brain, showing the approximate location of the
representations of various body parts in the postcentral somatosensory strip. Areas 3a and 3b are located
inside the central sulcus [see (E)] and are therefore not visible in this view, but their representations
parallel those in arcas 1 and 2. Vertical arrows show the location of the coronal section [illustrated in
(F)]. (B, C, and D) The cortical regions removed in the three types of postcentral lesions are indicated in
black. In each instance these lesions extended down the caudal bank of the central sulcus to include arca
3b and into the fundus of the central sulcus to include area 3a [see (E)]. The lesions in (C) were
extended 2.0 mm above and below the presumed borders of the hand representation to ensure its
complete removal. Arrows in (C) indicate the location of the parasagittal section [shown in (E)]. (E)
Parasagittal brain section through the hand representation of the postcentral strip, illustrating the
location of the areas (3a, 3b, 1, and 2) that were removed [see (C)]. (F) A coronal section through SII,
showing the location of SII and its bordering regions, areas 7b and Ri [sec (A)]. The lines marked by
asterisks indicate the plane of electrode penctrations through SII. Abbreviations: ce, central sulcus; ip,
intraparietal sulcus; la, lateral sulcus; pc, postcentral sulcus; and Ri, retroinsular area. Numbers

designate cytoarchitectural areas.
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in serial fashion from earlier cortical stations
to later ones (12). The present findings
indicate that the same relation applies be-
tween the postcentral and SII portions of
the somatosensory system and thus provide
evidence outside the visual system that dense
layer IV terminations of connections be-
tween cortical areas provide the anatomical

basis for the forward flow of sensory infor-
mation. Since this same laminar pattern of
connections has also been found to link SII
and the granular and dysgranular fields of
the insula (11), it is likely that, after being
activated by the postcentral cortex, SII in
turn activates the insular cortex in a se-
quence analogous to the striate-prestriate-

Fig. 2. (A) Composite drawing of all receptive fields found for SII neurons of three intact hemispheres
in response to light tactile stimulation of the contralateral body surface. Note the high density of
receptive fields for the hand. Receptive fields drawn outside the figure indicate extension of the fields
onto an adjacent hidden surface. Bold arrows in this and other figures denote rotation of the body part
(arm or leg) to allow visualization of its ventral surface. (B) Total absence of somatic receptive fields for
SII neurons in the hemisphere with total ablation of the postcentral cortex (see Fig. 1B). (C) Total
absence of receptive fields on the contralateral hand for SII neurons in one of the three hemispheres
with lesions of the postcentral hand representations (see Fig. 1C). The relative decrease in the number
of receptive fields for the head [compare with (A)] may reflect extension of the lesion of the hand
representation into the locus of the head representation (see Fig. 1C). Conversely, the relative increase
in the number of receptive fields for the trunk and foot [compare with (A)] may reflect a genuine
postoperative increase 1n the size of those particular representations (14). (D) Receptive fields confined
to the hand for SII neurons in the hemisphere with a postcentral lesion that spared only the hand

representation (see Fig. 1D).
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temporal sequence in vision. Indeed, our
electrophysiological evidence provides sup-
port for the possibility (13) that all sensory
modalities are served by such multisynaptic
corticocortical sensory processing pathways.
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The Fragile X Site in Somatic Cell Hybrids: An
Approach for Molecular Cloning of Fragile Sites

STEPHEN T. WARREN, FUPING ZHANG, GREG R. LICAMELI,
JEANNE F. PETERS

Fragile X syndrome is a common form of mental retardation associated with a fragile
site on the human X chromosome. Although fragility at this site is usually evident as a
nonstaining chromatid gap, it remains unclear whether or not actual chromosomal
breakage occurs. By means of somatic cell hybrids containing either a normal human X
or a fragile X chromosome and utilizing two genes that flank the fragile site as markers
of chromosome integrity, segregation of these markers was shown to be more frequent
if they encompass the fragile site under appropriate culture conditions. Hybrid cells
that reveal marker segregation were found to contain rearranged X chromosomes
involving the region at or near the fragile site, thus demonstrating true chromosomal
breakage within this area. Two independent translocation chromosomes were identi-
fied involving a rodent chromosome joined to the human X at the location of the
fragile site. DNA analysis of closely linked, flanking loci was consistent with the
position of the breakpoint being at or very near the fragile X site. Fragility at the
translocation junctions was observed in both hybrids, but at significantly lower
frequencies than that seen in the intact X of the parental hybrid. This observation
suggests that the human portion of the junctional DNA may contain part of a repeated
fragility sequence. Since the translocation junctions join heterologous DNA, the

molecular cloning of the fragile X sequence should now be possible.

RAGILE SITES ARE SPECIFIC CHRO-

mosomal loci, inherited in a Mende-

lian co-dominant manner, where
chromatid gaps and/or breaks occur after
specific biochemical induction. The molecu-
lar mechanism by which such sites exhibit
fragility is unknown, although various ge-
netic analyses have concluded that it is due
to some, as yet unidentified, DNA sequence
or sequences residing at the observed chro-
mosomal site (1). Of the several human
fragile sites currently recognized, the X
chromosome site mapping to the vicinity of
band Xq27.3 has been the most intensely
studied as it is associated with mental retar-
dation (2). This condition, referred to as
fragile X—linked mental retardation or frag-
ile X syndrome, is inherited in an X-linked
semidominant fashion and is the single most
common form of inherited mental deficien-
cy in humans with a prevalence of greater
than 1 per 2000 newborn males. It is an
unusual X-linked disorder in that approxi-
mately 30% of carrier females express the
phenotype of mental retardation and there is
a relatively high frequency of nonpenetrant
carrier males (3).

420

Chromosome breakage at the fragile X
site, as well as at the autosomal sites, has
been observed in individual metaphase
spreads; questions have been raised as to
whether chromosome breakage also occurs
at fragile sites in the intact cell since physical
shearing during cytogenetic preparation
may influence chromatid stability at these
sites (4). Furthermore, genetic evidence for
breakage at fragile sites, such as their in-
volvement in chromosome deletions or rear-
rangements, is not observed in appreciable
frequencies. Although a correlation has been
suggested between fragile site loci and
the breakpoints of nonrandom chromo-
somal rearrangements in certain forms of
cancer (5), significance of this association
remains unclear, particularly in the absence
of relevant data on fragile site breakage. We
therefore wished to determine if there is a
predilection for chromosome breakage at
the fragile X site within the dividing cell
and, if so, to determine if such breakage
leads to useful rearrangements that could be
utilized for subsequent molecular cloning
experiments.

A strategy for using interspecific somatic

cell hybrids to detect fragile site breakage
was developed through the following ratio-
nale. First, we and others have shown that
the fragile X site is cytogenetically expressed
in hybrid cells and results in a cell system
more easily manipulated for genetic analysis
(6). Second, since there is evidence that the
de novo loss of Xq28 (the region distal to
the fragile site) in early embryogenesis leads
to preferential X inactivation (7), it is possi-
ble that later somatic loss of this region on
the fragile X chromosome results in mitotic
failure and, hence, the absence of cytogenet-
ic observations. A similar loss in a somatic
cell hybrid would presumably be comple-
mented by rodent loci and result in no
significant effect on cell viability. Third, the
experimental design could employ two X-
linked loci which flank the fragile X site,
those for hypoxanthine guanine phosphori-
bosyl transferase (HGPRT), and glucose-6-
phosphate dehydrogenase (G6PD). By us-
ing rodent cells deficient in both activities
fused with human cells, hybrids are isolated
that express only the human forms of these
enzymes. Since the HGPRT locus is proxi-
mal to the fragile X site relative to the
centromere at Xq26-Xq27.2 (8), breakage
in the vicinity of the fragile X site should
result in an acentric fragment containing the
GO6PD locus at Xq28 (8) which would be
mitotically unstable. It should then be possi-
ble to follow segregation of these two en-
zymes by placing positive selective pressure
upon cells to maintain HGPRT activity
followed by histochemical staining for
GO6PD activity.

Lymphoblasts, established from a clinical-
ly normal male or a retarded male with
confirmed fragile X syndrome, were fused
with Chinese hamster ovary cells deficient in
both HGPRT and G6PD activities (9). So-
matic cell hybrids expressing HGPRT were
selected in medium containing hypoxan-
thine and azaserine [HAS medium; (10)]
and determined to be expressing the human
1someric form of G6PD by electrophoresis.
Two clones were selected for further analy-
sis: Y75-1B, in which cytogenetic analysis
revealed the presence of an intact fragile X
chromosome as well as a human chromo-
some 13; and Y130-3A, which contained an
intact X chromosome from a normal male
and two unidentified human autosomes.

Colonies from either hybrid, grown in
medium containing HAS, were consistently
G6PD”* (>90%) on the basis of in situ
histochemical staining, which results in blue
positive colonies and yellow negative colo-
nies (11). Back-selection of the hybrids in
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