with that of a major paracrine effector of
normal epithelial cell proliferation.
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Light Adaptation in Cat Retinal Rods

T. TaAMURA, K. NAkATANI, K.-W. YAU

It has long been an open question whether individual rod receptors in the mammalian
retina show any light adaptation. The prevailing evidence so far has suggested that
these cells, unlike those in lower vertebrates, adapt little if at all. The experiments on
cat rods reported here, however, indicate that this is not really true. Since the cone
system in the cat retina has a fairly high light threshold, the rods also need to adapt so
that they do not saturate with light before the cones fully take over vision at higher
light intensities. In similar experiments, adaptation was found in rods of other

mammalian species, including primates.

IGHT ADAPTATION ALLOWS THE VI-

sual system to maintain its ability to

detect contrast despite large changes
in the light level. Although this phenome-
non has been well characterized in many
ways, it is still not clear how much of light
adaptation is at the “network” level (that is,
resulting from synaptic interactions in the
retina) and how much of it resides in the
photoreceptors themselves (1). For rods, the
receptors for dim light, there is overwhelm-
ing evidence in cold-blooded vertebrates
that these cells can adapt to light (2-6). In
mammals, however, the cumulative evidence
has been against the existence of any rod
adaptation (1, 7, 8). The most recent and
direct evidence, on the basis of electrical
recordings from single rods of the macaque
monkey, has also indicated that these cells
show negligible adaptation to light (9).
Thus, there may be a fundamental difference
in rod behavior between mammals and low-
er vertebrates and, perhaps more generally,
between warm-blooded and cold-blooded
animals (10). To further examine this ques-
tion, we have studied single rods from the
cat retina. Surprisingly, these cells showed

clear evidence of light adaptation.

An eye was removed from a cat under
pentobarbital anesthesia in dim red light. In
infrared light and under physiological saline
solution (11), the eye was coronally hemi-
sected, and several small pieces of retina
were removed from the posterior eyecup.
These samples were stored at 5°C in Dulbec-
co’s modified Eagle’s medium (Gibco) for
use over a period of ~10 hours. When
needed, a piece of retina was transferred into
physiological saline solution and finely
chopped on a layer of cured Sylgard (Dow
Corning). We then recorded membrane cur-
rent from a single rod outer segment pro-
jecting from a retinal fragment, after sucking
the outer segment into a glass pipette filled
with the same saline and connected to a
current-recording amplifier (12). This outer
segment was stimulated transversely with
diffuse, unpolarized light at 500 nm (12).
The temperature in the immediate vicinity
of the recorded cell was maintained at 38° to
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40°C with an insulated heating filament.
A family of responses from a cat rod to
steps of light at different intensities is shown
in Fig. 1A. The low-frequency noise in the
step responses was due to photon fluctua-
tions. Normalized response-intensity rela-
tions measured at the early rising phase of
the responses (at 100 and 150 ms, respec-
tively, after the onset of light) are plotted in
Fig. 1B. The two dashed curves have identi-
cal forms, but are simply displaced horizon-
tally; they are drawn according to the rela-

tion (6, 9, 13):
fg=1— e ks

D)
where 7 is the normalized response ampli-
tude, ks is a constant, and I is the light step
intensity (in photons per square micrometer
per second). This equation describes an
overall response of the cell that is composed
of a statistical superposition of invariant
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Fig. 1. (A) Family of responses to light steps of
increasing intensity elicited from a cat rod. Tim-
ing of light step (7 s long) is indicated below the
responses. In order to reduce photon fluctuations,
each of the bottom four traces is from an average
of two stimulus trials; the top trace is from a
single trial. Step intensities were 82, 142, 503,
1074, and 2001 photons pm™ s™!, respectively.
Temperature was 39°C. (Inset) Averaged re-
sponse of the same cell in zero background to a
dim flash delivering; 6.5 photons pm ™. (B) Nor-
malized response-intensity relations for the step
response family in (A), measured at 100 ms (O)
and 150 ms (M) after the beginning of the light
step. (C) Same kind of relation as in (B), except
measured from mean steady-state levels of the
responses. There are more intensity points in (B)
and (C) than traces in (A) because only the
responses to a few step intensities are shown in
(A). The dashed curves in (B) and (C) are all
drawn according to Eq. 1.
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single-photon responses, each correspond-
ing to a complete closure of the light-
regulated conductance in a small region of
the outer segment centered at the site of
photon absorption (6, 9, 13). That is, the
curves show the relation expected if there
were no light adaptation, and fit well the
experimental relations at these early times
(100 and 150 ms) after light onset.

At the mean plateau levels of the re-
sponses, however, the experimental re-
sponse-intensity relation rises much more
gently than those at earlier times, indicating
the presence of adaptation to light (Fig.
1C). Thus, adaptation developed progres-
sively with time. The horizontal position of
the zero-adaptation curve in Fig. 1C is
determined by the relation ks = ket; (9),
where ¢ is the integration time of the dim
flash response of the cell (Fig. 1A, inset) and
kg is a constant denoting dim flash sensitivity
(expressed as fractional response photon™"
pm?) (14). This calculated position of the
curve closely approaches the experimental
relation at the lowest intensity, as expected
from the minimal light adaptation at this
dim light level. Six other experiments gave
the same results, that is, significant deviation
of the steady-state response-intensity rela-
tion from the zero-adaptation curve (Fig.
2). On average, the steady-state response
reached half-maximum at a light intensity
producing 180 + 110 (SD) photoisomeri-
zations (Rh*) per second and became fully
saturated at about 4000 Rh* s™! [both
calculated with an effective collecting area of
0.35 wm? for the cat rod outer segments in
our experiments (15)]. Our half-saturating
light intensity is similar to an indirect esti-
mate made by Nelson (16) from intracellular
recordings of the rod input to cones, and the
saturating intensity roughly agrees with ear-
lier estimates from ganglion cell recordings
(17) or the local electroretinogram (18), all
in cat.

We also examined the sensitivity of the
rods to incremental flashes superposed on
background light (Fig. 3). At ~10 s after
the onset of a background light, by which
time the response of the cell to the back-
ground (Fig. 3A, left column) was already in
steady state, incremental flashes were super-
posed on the light step with an intensity
adjusted to elicit just-detectable responses.
The averages of these incremental responses
for different backgrounds are shown, at a
higher gain, in Fig. 3A, right column. The
averaged dim flash response elicited in the
absence of background light is shown at the
bottom. With increasing background inten-
sity, the time-to-peak of the incremental
flash responses shortened progressively, be-
ing reduced by about 40% at the brightest
background compared to darkness.
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Fig. 2. Collected step response-intensity relations
in steady state from seven cat rods, plotted on
normalized axes. Dashed curve is drawn accord-
ing to Eq. 1. For each cell, the position of the
curve relative to the experimental points was
determined by measurement of the response of
the cell to dim flashes in the manner described in
the text (that is, ks = kg;) before plotting on the
normalized intensity axis (14). Saturated photo-
currents ranged from 9.1 to 16.1 pA. Tempera-
ture was 39° to 40°C.

The reduction in flash sensitivity as a
function of background intensity is shown
Fig. 3B. The sensitivity reduction is ex-
pressed in the normalized form SF/SB,
where Sg is the flash sensitivity in the pres-
ence of background light and SP is the
absolute flash sensitivity without back-
ground light. The solid curve is drawn ac-
cording to Sg/SP = [1 + L/I,]”", where I
is the steady background intensity and I, is a
constant equal to 67 photons um ™2 s~! in
this experiment. This is the familiar Weber-
Fechner relation describing light adaptation,
which applies to the behavior of rods in
many lower vertebrates [(5), for example].
The dashed curve is drawn according to Sg/
SR = e7%, derived by differentiating Eq. 1
and representing the relation expected if
there were no light adaptation (9). The
indicated position of the dashed curve is
again fixed by ks, calculated from kg = kgt;,
with k¢ and ¢; obtained from the dim flash
response of the cell in the absence of back-
ground light. Experiments with four sepa-
rate rods gave similar results (Fig. 4), with
an I, (average = SD) of 100 = 31 photons
pm~2 s7! at 500 nm, corresponding to
about 35 Rh* s!. Overall, we observed
Weber-Fechner behavior in these cells with
flash sensitivity down to 1/50 to 1/100 of
control values. At higher background inten-
sities, the steady response became too close
to saturation for incremental flash sensitivity
to be properly tested, but we expect this to
decline precipitously, that is, much more
steeply than a slope of —1. This Weber-
Fechner range of desensitization is not very
different from that observed with the same
recording technique in lower vertebrates,
such as the toad (5, 19). However, the I,
value is lower in the toad (about 4 to 10
Rh* s7'), partly because of the longer
(roughly sixfold as long) integration times
of the single-photon responses in cold-
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blooded animals due to the lower tempera-
ture (20).

We have observed a broadly similar be-
havior in rods of other mammals, including
rabbit, cattle, rat, and several primate spe-
cies (20). Reexamining past work by others,
we find that Penn and Hagins (8) also
observed a Weber-Fechner behavior in the
rat rod, except, curiously, they concluded
that this could be explained without invok-
ing light adaptation (21). Steinberg (22) has
also found a hint of Weber-Fechner behav-
jor in cat pigment epithelial cells, a result
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Fig. 3. (A) Incremental flash responses elicited
from a cat rod in the presence of background
light. (Left) The beginning of the background
light steps and the corresponding responses from
the cell. (Right) Averaged responses to the incre-
mental flashes at different backgrounds, plotted at
higher gain. Flash response at the bottom of the
right column is the control elicited in the absence
of background light. The number above each step
or flash response indicates the log light attenua-
tion used. Actual incremental flash intensities
were 6.5 (no backzground), 6.5, 12, 24, 47, and
94 photons pum™?; the corresponding flash re-
sponses were averages of 66, 20, 15, 15, 15, and
15 trials. Dashed lines indicate the baselines used
for measuring response amplitudes. Temperature,
39°C. (B) Reduction in flash sensitivity plotted as
a function of background light intensity, obtained
from the experiment in (A). The incremental flash
sensitivity measured at each of the two lowest
background intensities was derived from averages
of two flash intensities, only one of which is
shown in (A). Continuous curve is drawn from
SE/SE = [1 + IJI,]”!, while dashed curve is
drawn from Sg/SR = e7%/. See text for details.
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that indirectly indicated rod activity. Finally,
the observations made by Baylor et al. (9) on
macaque rods did not rule out a small degree
of adaptation in these cells.

We conclude from our results that mam-
malian rods can indeed adapt to light and
probably use the same cellular mechanisms
as do lower vertebrates (13). In fact, one also
sees a need for rod adaptation, at least in
animal species that have cone-sparse retinas.
For example, the cat has far fewer cones than
humans (23, 24), and its cone system has a
higher threshold, corresponding to a white
light level that already produces 50 to 400
Rh* s7! in individual rods (17). Without
adaptation, the cat rods would rapidly satu-
rate at these light levels, before the cones
could fully take over vision. The adaptability
of the rods in the cat prevents such a discon-
tinuity at the rod-cone transition. Indeed, it
has been shown (17, 25) that cat vision in
white light remains dominated by rods until
a light level producing close to 10° Rh* s™" in
individual rods is reached. At this light inten-
sity, the incremental flash sensitivity of the
average cat rod without adaptation would
have shown a 10*-fold decrease compared to
that in darkness (see Fig. 4). In contrast,
light adaptation compromises the incremen-
tal sensitivity only slightly at low back-
ground levels, but allows the rod to reduce
its gain by only 50-fold at 10° Rh* s,

Nonetheless, network (that is, nonrecep-
tor) adaptation (7) remains important in the
rod pathway, even in the cat retina. With a
high degree of convergence in the cat rod
pathway (24), the absolute threshold for rod
vision is determined by a large pooling of
rod signals rather than by individual rods

10° 1 10 10°
Normalized /; (in units of /)

sl el b aaaanl PRt

10 10? 10°
Rh* s

Fig. 4. Collected results from four incremental
flash-on-background experiments, plotted on nor-
malized axes. Continuous and dashed curves have
same significance as in Fig. 3. The average value
of I,, is about 35 Rh* s~ !, as shown on the lower
horizontal scale. The position of the dashed curve
relative to the experimental points represents the
average position of such curves for all four cells.

(26). Thus, the adaptation of the rod system
at background intensities not far above the
absolute threshold must also be a network
phenomenon. In other words, the entire
operating range of the rod system is com-
posed of a lower intensity range set by
network adaptation and a higher intensity
range probably determined mostly by recep-
tor adaptation, presumably as in lower ver-
tebrates (4, 27).
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Limbic Seizures Increase Neuronal Production of
Messenger RNA for Nerve Growth Factor

CHRISTINE M. GALL* AND PAUL J. ISACKSON

Nerve growth factor (NGF) produced by telencephalic neurons provides critical
trophic support for cholinergic neurons of the basal forebrain. In situ hybridization
and nuclease protection analyses demonstrate that limbic seizures dramatically increase
the amount of messenger RNA for NGF in the neurons of the hippocampal dentate
gyrus within 1 hour of seizure onset and in broadly distributed neocortical and
olfactory forebrain neurons some hours later. The increased messenger RNA species is
indistinguishable from messenger RNA for transcript B of the B subunit of NGF from
mouse submandibular gland. Thus, the expression of a known growth factor is affected
by unusual physiological activity, suggesting one route through which trophic interac-
tions between neurons in adult brain can be modified.

ERVE GROWTH FACTOR, WHICH

promotes the growth and mainte-

nance of sympathetic and sensory
neurons of the peripheral nervous system
(1), is differentially expressed in the mam-
malian brain with the highest levels of NGF
mRNA present in hippocampus (2). NGF
synthesized by forebrain neurons may pro-
vide critical trophic support for cholinergic
neurons of the basal forebrain, and distur-
bances in this relation may be involved in
age-related neuropathologies such as Alz-
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heimer’s disease (3, 4). In support of this
idea, it has been demonstrated that NGF is
retrogradely transported from hippocampus
to cholinergic neurons in septum and basal
forebrain (5), and that infusion of NGF can
prevent the degeneration of these same cho-
linergic cells after transection of their con-
nections with hippocampus (6). Here we
report that limbic seizures cause a rapid and
pronounced increase in the expression of
mRNA for NGF in the granule cells of the
rat hippocampus. Moreover, a delayed in-
crease was found in cortical areas, suggest-
ing that the spread of seizure activity trig-
gers changes in the expression of NGF
mRNA throughout much of the forebrain.

Adult (280 to 350 g) male Sprague-
Dawley rats (Simonsen Labs) were used.

Recurrent limbic seizures were induced by
the placement of a unilateral electrolytic
lesion in the dentate gyrus hilus (7). Such
lesions produce bilateral epileptiform elec-
troencephalogram (EEG) activity in the hip-
pocampus and behavioral seizures of the
limbic kindling type (8) without causing
secondary neuronal degeneration in the con-
tralateral hippocampus. Hippocampal par-
oxysmal discharges begin 1.5 to 2 hours
after the lesion and recur intermittently for 8
to 10 hours. Paired control rats received
either ketamine-xylazine anesthesia alone or
were anesthetized with sodium pentobarbi-
tal (50 mg/kg), and a lesion was placed in
the dentate gyrus hilus with an insulated
platinum-iridium wire. Such platinum wire
lesions do not produce hippocampal EEG
or behavioral seizures (9).

For in situ hybridization, experimental
animals with behaviorally verified seizures
and paired control rats were killed 2.5
n=1),3n=9),4n=3),5n=2),6
to7(n=5),10 (n=2),17 (n = 3),and 24
(n =5) hours after surgery by overdose
with sodium pentobarbital and intracardial
perfusion with 4% paraformaldehyde in
0.1M phosphate buffer (pH 7.4) (10). In the
greater number of these studies, *°S-labeled
RNA probes complementary to the coding
regions for either mature mouse (11, 12)
(Fig. 1A) or rat B-NGF (13) were used. We
have obtained qualitatively identical results
with a 550-base RNA probe prepared from
the 5" end of a guinea pig B-NGF cDNA
clone (14). Although similar seizure-induced
changes in hybridization to NGF mRNA
were observed bilaterally, the description
here will be limited to regions contralateral
to lesion placement. Controls for the speci-
ficity of hybridization included treatment of
tissue sections with ribonuclease A before
normal hybridization and hybridization of
sections with labeled “sense” RNA se-
quences (15). No cellular labeling was ob-
served in tissue from experimental or anes-
thetic-control rats processed under either
control condition.

In untreated rats, in situ hybridization to
NGF mRNA is greatest in the hippocampal
formation. In tissue autoradiograms, sub-
populations of neurons within the dentate
gyrus hilus (Fig. 2A) and scattered within
and around stratum pyramidale of hippo-
campus proper and subiculum were moder-
ately densely labeled with the *°S-labeled
cRNA probe. As could be seen most clearly
in tissue processed with the rat B-NGF
cRNA sequence, stratum granulosum was
also labeled, but with lower densities of
autoradiographic grains. This distribution is
essentially in agreement with other reports
(13, 16), although we observed greater dif-
ferences in the densities of hybridization to
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