from 1 to 9 kHz although the effect was
greater at frequencies higher than 1 kHz.

Although the compliance of the ten-
dons could influence the stiffness mea-
sured on the tetanus rise, especially in
this very short preparation, we find it
unlikely that tendon compliance could
account for our data (7). The lead of
stiffness over force during the tetanus
rise can be explained by assuming there
is a relatively long-lived crossbridge
state between attachment and force gen-
eration. Such a state was proposed by H.
E. Huxley (8) on the basis of the obser-
vation that the equatorial x-ray diffrac-
tion pattern from contracting frog muscle
changes more rapidly than force during
the tetanus rise.

To summarize, the fall in force after a
step release is accompanied by a much
smaller fall in stiffness. Most of this fall
in stiffness is due to tendon compliance.
This is consistent with observations re-
ported by others (5, 6). However, the
fact that stiffness increased more rapidly
than force during the tetanus rise sug-
gests that crossbridge attachment might
be followed by a significant delay before
force develops.
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Loss of Retinal X-Cells in Cats with
Neonatal or Adult Visual Cortex Damage

Abstract. Recordings were made from single retinal ganglion cell somas in cats
whose visual cortical areas 17 and 18 were damaged on the day of birth or in
adulthood. Neonatal lesions produced a 78 percent loss of X-cells in the retina, while
lesions made in adulthood produced a 22 percent loss. Y-cells and W-cells were
unaffected. This retinal abnormality needs to be considered when interpreting
studies of behavioral deficits and neural mechanisms of recovery after damage to the

visual cortex.

Damage to visual cortical areas of the
brain in adult mammals (including hu-
mans) results in severe deficits in visual
abilities, although some behavioral re-
covery does occur (/). If similar brain
damage is incurred nconatally, the re-
sultant behavioral disabilities can be
much l[ess severe; indeed, the animals
can perform normally on many tasks
when mature (/). In correspondence
with these behavioral results, anatomical
and physiological studies indicate that
anomalous neural connections can de-
velop in the central visual pathways after
neonatal, but not adult, brain damage
(2). This suggests that functional com-
pensation by the central nervous system
may underlie the superior recovery of
behavior after neonatal lesions. But to
fully undeirstand the neural basis of both
the initial deficits and the subsequent
recovery, it is necessary to know the
nature of the inputs to the system.

Anatomical studies indicate that the
retina is abnormal after visual cortical
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damage. Marked transneuronal retro-
grade degeneration of retinal ganglion
cells follows cortical lesions in neonatal
cats and monkeys, and less severe de-
generation follows lesions in adult mon-
keys and humans (3—7). Analysis of soma
sizes and central projections of the re-
maining ganglion cells in the affected
retinas led to the suggestion that the
degenerated ganglion cells are primarily
of the X-cell (8) functional class (4, 5, 7).
However, the physiological properties of
the retina after visual cortical damage
have never, to our knowledge, been
studied in any species. We therefore
sought to determine the functional prop-
erties of retinal ganglion cells in adult
cats given visual cortical lesions as neo-
nates or as adults. We found that W- and
Y-type ganglion cells are present in nor-
mal numbers and have normal response
properties. However, a marked loss of
X-type ganglion cells follows neonatal
lesions and a smaller loss follows adult
damage.
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Three groups of cats were studied: six
normal adults, seven adults given visual
cortical lesions as neonates, and five cats
with adult lesions. All lesions were uni-
lateral and were made by aspiration after
removal of the overlying bone and re-
traction of the meninges. The lesions
were intended to remove the lateral and
postlateral gyri, which include areas 17,
18, and part of 19 (9). The neonatal
lesions were made within 24 hours of
birth, and retinal recordings were carried
out 8.5 to 14.5 months later. Cats with
adult lesions were studied 10 to 15
months after surgery. There was no sig-
nificant correlation between survival
time and the results obtained for either
group.

Ganglion cell soma recordings were
made from the retinal surface with in-
traocular micropipettes in paralyzed cats
anesthetized with 70 percent N,O and 30
percent O, (10). The recordings were
made from the nasal retina (5° to 15° from

area centralis) of the eye contralateral to
the lesion, that is, from a region that
normally projects exclusively to the
hemisphere with the lesion. We used a
standardized sampling procedure (/0) to
compare estimates of the density of gan-
glion cell soma recordings as well as the
relative proportions of X-, Y-, and W-
cells encountered in each group of cats.

Visual stimuli were presented on a
tangent screen (114 cm from the eye)
with a hand-held projector or an auto-
mated projector system. In addition, bi-
polar stimulating electrodes were placed
in the optic chiasm to activate the gangli-
on cell axons antidromically. Each gan-
glion cell that was encountered was clas-
sified as X, Y, or W on the basis of
responses to a large battery of tests. The
tests included receptive field center size,
cutoff velocity, linearity of spatial sum-
mation, and response latency to stimula-
tion of the optic chiasm (8, /0). Addition-
al properties that aided in the classifica-

tion of W-cells were the presence of a
characteristically sluggish response to
visual stimulation and unusual (noncon-
centric) receptive field organization (8,
10, 11).

The responses of ganglion cells in each
group of cats to two of the tests are
summarized in Figs. 1 and 2. Figure 1
shows the distribution of response laten-
cies to electrical stimulation of the optic
chiasm. The distribution was trimodal in
normal cats, and most neurons classified
as X-cells had latencies in the second
mode, between 2 and 4 msec. That is, X-
cells had conduction velocities interme-
diate between those of Y-cells and those
of W-cells (in agreement with other stud-
ies) (8). After neonatal lesions, very few
cells remained with latencies in the X-
cell range. Adult lesions had a similar,
but smaller, effect on the distribution of
response latencies to optic chiasm stimu-
lation.

Figure 2 shows the distribution of re-
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Fig. 1 (left). Frequency distributions of response latency to electrical stimulation of the optic chiasm for retinal ganglion cells in normal cats (A)
and in cats with visual cortex lesions received on the day of birth (B) or as adults (C). Cells were classified as X, Y, or W on the basis of responses
to a battery of tests. In the retinal area studied, Y-cells tended to have latencies = 2 msec, X-cells from > 2 to = 4 msec, and W-cells = 3 msec.
N indicates the number of cells tested. Fig. 2 (right). Frequency distributions of receptive field center diameter for retinal ganglion cells in
normal cats (A) and in cats with visual cortex lesions received on the day of birth (B) or as adults (C). In the retinal area studied, X-cells tended to
have receptive field diameters < 1° and Y- and W-cells = I°.
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ceptive field center diameters. In normal
cats the distribution was bimodal and, in
agreement with previous studies (8),
neurons classified as X-cells tended to
have the smallest receptive fields (< 1°
of arc). In cats with neonatal lesions the
proportion of cells with small receptive
fields was markedly reduced (/2). By
contrast, there was only a slight reduc-
tion in these cells after adult lesions.

Results for cutoff velocity and linear-
ity of spatial summation suggested simi-
lar conclusions to those reached from
Figs. 1 and 2. In general, we found that
all the tests led to the same classification
of each cell. This agreement was found
for cells in all three groups of cats. Thus
the cortical lesions produced a loss of a
class of cells with a constellation of
correlated response properties rather
than an alteration of only a few specific
properties used to classify cells.

To quantify the effects of the lesions,
we determined the percentage of cells
classified as X, Y, or W in the retina of
each cat and calculated the mean and
standard error for each group (Fig. 3A).
In normal cats, 46 percent of the retinal
ganglion cells were X-cells (range, 31 to
57 percent). This was reduced to 10
percent (range, 0 to 23 percent) in cats
with neonatal lesions and 36 percent
(range, 33 to 42 percent) in cats with
adult lesions. The proportions of Y- and
W-cells increased correspondingly.
Thus the cortical lesions produced a
loss of X-cells relative to Y- and W-cells.

To determine whether the loss was
specific to X-cells, we analyzed the ab-
solute retinal sampling density for each
type of ganglion cell (that is, the percent-
age of retinal penetrations in which each
cell type was encountered). There were
no significant differences among the
three groups of cats in the sampling
densities of Y- or W-cells (Fig. 3B). This
was true for subtypes of W-cells as well
(8). In contrast, the sampling density of
X-cells was significantly lower than nor-
mal in both the neonatal (P < .001)
(Mann-Whitney U test) and the adult
lesion groups (P = .009). In addition, the
sampling density of X-cells was signifi-
cantly lower in animals with neonatal
lesions than in animals with adult lesions
(P = .001). Thus the effects of the corti-
cal lesions were specific to X-cells.

At the end of the recordings, brains
with cortical lesions were processed for
histological analysis. The adult and neo-
natal lesions were similar to those illus-
trated by Spear et al. (13). For each cat,
the pattern of retrograde degeneration in
the dorsal lateral geniculate and medial
interlaminar nuclei was analyzed to de-
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Fig. 3. (A) Percentage of retinal ganglion cells
classified as X-, Y-, or W-cells in normal cats
and in cats with visual cortex lesions received
on the day of birth or as adults. N indicates
the number of cats in each group. Bars show
the means and brackets show the standard
errors of the percentage of cells in each class
for individual animals. The number above
each bar gives the total number of cells in
each class across animals. (B) Percentage of
retinal penetrations in which X-, Y-, or W-
cells were encountered in each group of cats.

termine the regions of visual field repre-
sentation that were removed in areas 17,
18, and 19 (/3). All ganglion cells studied
had retinal locations corresponding to
regions removed in areas 17 and 18, and
about 65 percent of the cells in both
groups had corresponding regions re-
moved in area 19 as well. For both adult
and neonatal lesions, the effects of re-
moving areas 17 and 18 were similar to
those of removing areas 17, 18, and 19.
Therefore, the loss of X-cells probably
can be attributed to the removal of corti-
cal areas 17 and 18 alone.

We have shown that visual cortical
lesions produce a transneuronal retro-
grade loss that is limited to a specific
functional class of retinal ganglion cells,
the X-cells. Relative encounter rates in-
dicate that 78 percent of X-cells are lost
after neonatal lesions of cortical areas 17
and 18. This figure agrees well with
estimates of the medium-sized ganglion
cell loss seen in anatomical studies of the
cat retina (5, 6). In addition, we have
shown that there is a smaller (22 percent)
loss of X-cells following visual cortical
lesions in adult cats.

The reason that X-cells are selectively
affected by visual cortical lesions may be
related to differences in axon branching
patterns among the three classes of reti-
nal ganglion cells (7). There is evidence
that most or all retinal Y- and W-cells

that project to the dorsal lateral genicu-
late nucleus (LGN) also send collateral
projections to the midbrain, whereas ap-
proximately 90 percent of retinal X-cells
project only to the LGN (/4). Visual
cortical lesions in both neonates and
adults produce severe retrograde degen-
eration in the LGN, and the loss of their
sole target neurons could in turn cause
retinal X-cells to degenerate. In contrast,
the remaining collateral branch of retinal
Y- and W-cells to the midbrain appears
sufficient to sustain their normal function
(15).

It is not clear, however, why the loss
of retinal X-cells is more severe after
neonatal lesions than after adult lesions.
It is known that neurons that fail to
establish synaptic connections during
development are rapidly eliminated (16).
Since relatively few retinogeniculate
synapses are present in the newborn
kitten (/7), the retrograde loss of LGN
target neurons due to cortical removal at
birth would be expected to produce a
loss of retinal X-cells. However, it re-
mains a mystery why mature retinal gan-
glion cells that have already formed con-
nections are much more resistant to cell
death in the LGN (/8).

The greater loss of retinal ganglion
cells after neonatal lesions presents a
paradox when considered in light of oth-
er changes in the visual system. Previous
anatomical and physiological studies in
cats indicated that compensatory
changes occur in the central visual path-
ways following visual cortical damage in
neonates that do not occur following
damage in adults (/3, /9). Similarly, be-
havioral recovery can be more complete
after neonatal damage than after adult
damage (/). The present results indicate
that this superior plasticity and compen-
sation in the neonatal visual system oc-
curs despite a much more severe loss of
retinal X-cells than in adults. A resolu-
tion of this paradox may provide insights
into why the infant brain responds to
damage differently from the adult brain.
In any case, this retinal abnormality
needs to be considered when interpreting
studies of behavioral deficits and neural
mechanisms of recovery following visual
cortex damage.
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Ontogeny of Gastric Acid Secretion in the Rat:

Evidence for Multiple Response Systems

Abstract. Gastric acid secretion has been thought to depend on histamine stim-
ulation of the parietal cell. However, in the 2-week-old rat neither exogenous
histamine nor the H-2 receptor agonist impromidine stimulates acid secretion,
whereas pentagastrin and the cholinergic agent bethanechol are potent stimuli. At
this age, the effect of pentagastrin on acid secretion is not blocked by the H-2
receptor antagonist cimetidine, nor is it potentiated by impromidine. These data

suggest that,

in the rat pup, the acid secretory response to pentagastrin and

cholinergic agents occurs before the histamine-mediated system is functional and
operates independently of the actions of histamine.

The role of histamine in the regulation
of H" ion secretion from the gastric
parietal cell has been debated for more
than 30 years. Early data suggested the
hypothesis that histamine is the final
common stimulator of H* secretion (7).
Gastrin and cholinergic agonists, which
also stimulate acid secretion, were
thought to do so by releasing histamine.
This view was later supported by the
discovery of the histamine-2 (H-2) recep-
tor antagonists burimamide, metiamide,
and cimetidine (2). These antagonists not
only inhibit histamine-stimulated acid se-
cretion but also block the effects of gas-
trin and cholinergic agents on acid secre-
tion (3). However, in the dog, atropine
inhibits the secretory response to penta-
gastrin, 2-deoxyglucose, and liver ex-
tract but not to histamine (4), an obser-
vation that does not support the hypoth-

SCIENCE, VOL. 217, 2 JULY 1982

esis of a common pathway involving
histamine,

An alternative hypothesis is that hista-
mine, cholinergic agents, and gastrin act
directly on their own parietal cell surface
receptors. Each may stimulate H* secre-
tion independently and may also potenti-
ate the effects of the others (5, 6).

Evidence for the independent action
of gastrin, histamine, and cholinergic

agents comes from in vitro studies of
dispersed canine parietal cells (5). Gas-
trin, histamine, and carbamylcholine can
each stimulate oxygen uptake by the
parietal cell. H-2 receptor antagonists
block only the effects of histamine, atro-
pine blocks only the effects of carbamyl-
choline, and neither blocks the effects of
gastrin on oxygen uptake. This isolated
cell system also provides in vitro evi-
dence that potentiating interactions oc-
cur between these agents.

However, to date it has not been es-
tablished in vivo whether gastrin or cho-
linergic agents directly stimulate H* se-
cretion independently of the actions of
histamine. In studying the ontogeny of
acid secretion in the rat, I found that the
secretory response to pentagastrin and
bethanechol develops before the re-
sponse to histamine. Hence gastrin and
cholinergic agents appear capable of di-
rect stimulation of H* secretion in ani-
mals unresponsive to histamine.

Wistar-derived rats were studied un-
der pentobarbital anesthesia. Output of
H™ was determined by continuous saline
perfusion of the innervated gastric lumen
(7); samples of the perfusate were col-
lected every 10 minutes, and each sam-
ple was automatically titrated to pH 7.0
with 0.01N NaOH. Drugs were infused
through a jugular cannula. Rectal tem-
perature was maintained at 35.5° = 0.5°C
by external regulation.

Data were analyzed by analysis of
variance or linear regression on an IBM
370/158. Both the analyses of variance
and linear regressions were corrected for
repeated measures at appropriate levels
of the analysis.

In 14- to 16-day-old pups, infusion of
pentagastrin or bethanechol produced a
fourfold to fivefold increse in H™ output
over infusion of saline. By contrast, infu-
sion of histamine diphosphate through a
dose range of 2 to 12 mg/kg per hour did
not significantly increase H* secretion
(Table 1) (8).

Histamine affects both H-1 and H-2
receptors, although only H-2 receptors
are found on parietal cells. To exclude
the possibility that interaction with H-1
receptors (such as those on arterioles)

Table 1. Effects of three secretagogues on acid output in 2-week-old rat pups. Values
(microequivalents per hour) are means * standard errors.
Acid output
Substance Dose N

Basal Stimulated
Histamine 8 mg/kg per hour 10 7.62 £ 1.94 10.06 = 0.61*
Pentagastrin 120 pg/kg per hour 14 6.78 = 0.81 23.0 = 0.3%
Bethanechol 1 mg/kg per hour 8 5.14 £ 0.7 27.1 =+ 4,587

*P > .10 (analysis of variance) (8). tP < .01.
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