sprouts with an electron microscope.
Figure 3A shows a labeled retinogenicu-
late terminal from a previously dener-
vated lamina A. Although the cytoplasm
of this labeled profile is filled with the
dark reaction product, the marker has
not crossed the axonal plasmalemma,
nor has it crossed the membranes of the
synaptic vesicles or mitochondria. Thus,
it is possible to see that the synaptic
vesicles are round and that the mito-
chondria have a pale appearance due
to their widely spaced cristae and
pale intercristal substance. These fea-
tures are characteristics of normal re-
tinogeniculate axon terminals (I5, 16,
19).

The labeled profile also forms synaptic
contacts like those described previously
for normal retinogeniculate axons (Fig.
3A). It is surrounded by an arrangement
of profiles in a configuration resembling a
synaptic glomerulus in a normal nucleus.
Some of these profiles contain pleomor-
phic synaptic vesicles. In this micro-
graph the labeled terminal is presynaptic
to one of these profiles (arrow) but is not
postsynaptic to any of them. Thus, even
though this terminal is from an abnor-
mally grown axon branch, it has formed
patterns of synaptic contacts that appear
to be quite normal (15, 16, 19).

Figure 3B shows another example
from denervated layer A in the same ani-
mal. Profiles labeled with HRP are in-
volved in a more complex synaptic zone.
These profiles contact dendrites, termi-
nals with pleomorphic vesicles and
spinelike processes. In addition, a single
dendritic profile is contacted by two la-
beled profiles, both from the same axon.
Although this last feature differs some-
what from the usual concept of the later-
al geniculate glomerulus, we have ob-
served similar clusters of retinogenicu-
late terminals in normal adult cats [(/9);
see also (16)].

We have demonstrated that a single
axon can innervate its normal field and
also an abnormally invaded field. The
pattern of axonal branching indicates
that the axon goes to the correct site first
and then sends terminal branches to the
new site. The classical picture that
sprouts are induced to form from intra-
nodal axonal segments (21) does not ap-
pear to apply to this interlaminar sprout-
ing in the lateral geniculate nucleus. In-
stead, it would appear that terminal
growth has continued beyond the stage
at which one eye was removed and that
some of the newly grown terminals in-
vaded the denervated sites.

The phenomenon is probably growth
that is abnormal in direction but not nec-
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essarily abnormal in amount. That is, the
growth of the axons would have oc-
curred even without the eye removal,
but the denervation of some geniculate
layers has allowed the axons to grow into
inappropriate layers (2, 4, 7, 21). This in-
terpretation assumes that, at the time of
enucleation, thq retinogeniculate axons
are segregated into their normal layers.
Axonal degeneration and autoradio-
graphic studies (22) at early postnatal
ages show that this is the case. Further-
more, in Golgi material from Kittens as
young as 8 days, O’Leary (/3) never saw
an axon that sent branches to both lami-
nae A and A;.

In a normal cat, one retinogeniculate
axon does not invade two adjacent genic-
ulate laminae (I3, 14). The crossed and
the uncrossed axons have distinct and
well-specified terminal fields (12, 22). On
this basis one might have anticipated that
an axon with terminals in lamina A
would not also develop terminals in lami-
na A,. Our results show that the normal
selectivity has been destroyed by the
early eye removal. That is, either the
specific character of the denervated lay-
er is lost after the eye removal, so that
inappropriate axons can invade it, or the
formation of these specific connections
depends entirely upon the properties of
the retinogeniculate axons. Further stud-
ies with our method of the early develop-
ment of retinogeniculate axons in normal
and monocular kittens may show how
the retinogeniculate axons define their
terminal fields.
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Lead Exposure During Infancy Permanently

Increases Lithium-Induced Polydipsia

Abstract. Lead (200 milligrams per kilogram) was administered daily by intubation
to Long-Evans rats on days 3 through 30 of life. Thirty to 180 days after cessation of
lead administration, the lead-treated rats were consistently more polydipsic after
lithium administration (2 millimoles per kilogram per day) than were pair-treated
controls. Lithium increased the plasma renin activity equally in both the lead-treated
and the control groups. These data are evidence that there may be permanent neural
changes induced by postnatal exposure to lead that are manifested by pharmacolo-

gical challenge with lithium.

Acute lead intoxication (plumbism) is
a clinical entity with defined physiologi-
cal changes and concomitant diagnostic
signs (/) which are usually ameliorated

by cessation of exposure to lead and che-
lation therapy (2). However, it has been
extremely difficult in both humans and
laboratory animals to define the effects
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of lead at exposures below those result-
ing in overt toxicity. Presumably, this is
a major public health problem because
certain infants, who may be more or less
sensitive to lead exposure, have signifi-
cantly increased concentrations of lead
in their blood (3). Because exposure to
lead during infancy and childhood occurs
concomitantly with many developmental
changes, the possibility of lead causing
permanent alterations is one of para-
mount importance.

Several reports have suggested that
accumulations of lead in the body during
developmental periods may cause per-
manent changes in the central nervous
system. David and co-workers ¢) and
others (5) reported that incidences of
various cognitive or behavioral dis-
abilities in humans are correlated with
increased exposure to lead. Rats treated
with lead during neonatal periods exhibit
increased motor activity (6-8). In addi-
tion, Overman (8) demonstrated several
subtle behavioral deficits in rats that had
been exposed to lead. However, not all
investigators have been able to demon-
strate similar behavioral deficits in ani-
mals treated with lead. Such dis-
crepancies, which could depend on fac-
tors such as lead dose, route, and time of
administration as well as individual vari-
ability, illustrate the inherent difficulties
that have been encountered with animal
models of developmental lead exposure.

Several coincidental factors suggested
that lithium-induced polydipsia (LIP)
might be altered in lead-treated rats. The
condition was first noted in clinical trials,
and recent studies in our laboratory have
shown that central catecholamine neu-
rons are important to LIP (9). The renin-
angiotensin system has been directly
linked to LIP (10), and other studies on
drinking mechanisms have suggested
that angiotensin-induced polydipsia has
similar physiological and pharmacologi-
cal characteristics to LIP (/11). We hy-
pothesized that since exposure of ani-
mals to lead has been correlated with
physiological changes that may involve
central catecholamine systems (6, 7) as
well as renin-angiotensin systems (/2),
lead may cause alterations that will be
manifest after administration of lithium.
We chose a model of lead exposure dur-
ing development that has temporal fea-
tures comparable to lead exposure in
children and that produces little effect on
somatic growth, survival, or viability.

L.ong-Evans rats were treated once
daily with lead (200 mg/kg; administered
in the form of lead acetate, 0.01 ml of so-
lution per gram of body weight). Control
rats received equimolar sodium acetate.
The solutions were administered by gas-
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Fig. 1. Excess water consumption in rats in-
jected with lithium chloride. The excess water
consumption is calculated by subtracting the
average baseline consumption (per kilogram
of body weight) from the daily consumption
after initiation of lithium treatment. These dif-
ferences are summed through the test period.

tric intubation from day 3 to day 30 of
life, day 1 being the day of birth. Each of
the matched lead-treated and control lit-
ters was handled by a single individual.
Litters were randomly culled to ten at
birth and eight at day 3, with filler pups
used to maintain the litter size until
weaning. Most litters used in these ex-
periments were adjusted to six to eight
males at day 3. A tail blood sample ob-
tained precisely 24 hours after cessation
of treatment indicated that lead con-
centrations were 123 = 17 wg/dl (mean
+ standard error) for lead-treated
animals as opposed to 7.7 = 0.7 ug/dl for
controls. The lead treatment caused no
increase in mortality, differences in body
weight, or change in food consumption.
Treated and control rats were individ-
ually housed at the initiation of LIP ex-
perimentation and daily water consump-
tion was measured by weighing the water
bottles. After 4 days of obtaining base-
line measurements, we began to give the
rats daily intraperitoneal injections of
lithium (2 mmoles per kilogram, as 0.4M
LiCl); water consumption was mon-
itored daily for an additional 10 days. In
certain experiments, rats were decapi-
tated and trunk blood was collected into
0.2 ml of 0.4M sodium ethylenediam-
inetraacetate buffer, pH 7.4. The blood
was immediately centrifuged at 9000g
for 45 minutes at 4°C, and the plasma
was removed and stored at —20°C.
Plasma renin activity was determined
by means of commercially available
reagents for the angiotensin I radio-
immunoassay (13), with a plasma renin
activity standard (New England Nucle-
ar) being used as a control. Lead content

in the femur was determined by flame-
less atomic absorption spectroscopy af-
ter the bone was digested in concen-
trated nitric acid and the solution cleared
with hydrogen peroxide, whereas the
amount of lead in the blood was deter-
mined by the Delves cup method (14).
The amounts of lithium in the plasma
were determined by atomic absorption
spectroscopy of 1:20 dilutions of plasma
with deionized water (15).

With the paired litters of male control
and lead-treated rats, we observed no
differences in the baseline (before lith-
ium administration) water consumption
between the two groups, consistent with
other studies with this model of lead ad-
ministration (8). However, the adminis-
tration of lithium caused the lead-treated
rats to become significantly more poly-
dipsic than the control rats (Fig. 1). Dur-
ing the 9 days after lithium administra-
tion, lead-treated rats increased their
consumption of water nearly three times
more than did controls (/6). Female rats
treated with lead during early postnatal
development also exhibited increased
LIP (P < .05). We also tested several lit-
ters of rats 6 months after the cessation
of lead treatment. The lead-treated rats
were still significantly more polydipsic
after lithium administration than were
the controls (P < .005).

Since the amounts of lead in the brain
and blood were indistinguishable be-
tween the control and lead-treated
groups (/7) at times when significant dif-
ferences were observed in LIP, the
change could not be attributed to the
presence of the presumed causative
agent, lead. Further, the lead-induced in-
creases in LIP persisted through at least
6 months of age indicating that the altera-
tions responsible for increased LIP are
probably permanent. Plasma renin activ-
ity (PRA) in lead-treated and control ani-
mals was measured before or after lith-
ium administration and no significant
differences were found. Lithium ad-
ministration caused the PRA to in-
crease after 8 days to 11.2 = 1.7 ng of
angiotensin I per milliliter per hour in 19
lead-treated animals as opposed to
14.0 = 3.8 in 16 matched controls. Fur-
ther, there was no correlation (r < .1)
between the PRA of individual animals
and the relative increase in drinking after
lithium administration (/8). This evi-
dence indicates that circulating renin-
angiotensin levels are not responsible for
the increased lithium-induced polydipsia
caused by the administration of lead dur-
ing development.

These experiments demonstrate that,
in rats, lead administration during neo-
natal periods causes permanent physio-
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logical changes that are latent until an
agent such as lithium is administered
(17). The failure to observe a change in
renin activity in peripheral plasma sug-
gests that a central mechanism may be
responsible for the lead-induced increase
in LIP. Thus, the observed lead-induced
alteration may provide an excellent mod-
el for further study of developmental
changes caused by lead, because LIP oc-
curs consistently and is easily quantified.
Further studies are needed to elucidate
the mechanisms responsible for in-
creased LIP in rats treated neonatally
with lead, as well as to determine if these
mechanisms are associated with patho-
logical conditions linked to lead ex-
posure, such as hypertension (/2).
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Human Auditory Frequency-Following Responses

to a Missing Fundamental

Abstract. Both a complex tone perceived as a 365-hertz “‘missing fundamental”
and a 365-hertz pure tone evoked 365-hertz far-field frequency-following responses.
Narrow-band masking noise centered at 365 hertz attenuated the responses to the
pure tone but not to the complex tone. Results support the concept that perception of
the missing fundamental is based on periodic neural activity.

A complex tone composed of harmon-
ics related to a low fundamental frequen-
cy can produce a sensation of pitch one
octave or more below the lowest fre-
quency present in the stimulus complex.
The perception of a pitch in the absence
of spectral energy at that frequency has
been of interest to auditory researchers
since the experiments of Seebeck in 1843
(I). Seebeck’s findings challenged the
prevailing concept that pitch perception
was determined solely on the basis of a
sinusoidal stimulus component corre-
sponding to each pitch perceived (2).
Subsequently, this phenomenon has
been viewed as an example of an alterna-
tive form of pitch coding in which the
auditory system responds to the inherent
periodicity of a stimulus pressure wave
in addition to its spectral composition.
Perceptual phenomena related to those
observed by Seebeck have been de-
scribed more recently under several dif-
ferent labels. Among these are ‘‘the
missing fundamental”” (3), ‘‘residue
pitch’’ ¢), and ‘‘periodicity pitch’’ (5).

Although the stimulus conditions
yielding missing fundamentals are widely
known, the neural basis by which their
pitch is perceived remains largely unex-
plored, save for a few studies of single

units in animals. Such studies have
shown that auditory neurons at various
brainstem levels can phase-lock to low
tones or, in some cases, to difference
tones derived from higher partials, even
when phase-locking to the partials them-
selves fails to occur (6). Electrophysio-
logical data obtained with two other
methods further suggest that low-fre-
quency ‘‘volley coded” (7) pitch infor-
mation might be carried in the ensemble
characteristics of groups of phase-sensi-
tive auditory neurons. One of these
methods, the multiple-unit record (),
like single-unit recording, lends itself on-
ly to animal preparations. The other, the
auditory frequency-following response
(FFR), has recently been obtained from
human subjects through the use of far-
field procedures (9).

The FFR is a low-voltage neuroelec-
tric wave whose period corresponds pre-
cisely to that of a low-frequency tonal
stimulus. Such FFR activity, evoked by
acoustical stimulation,.is generally con-
sidered to be the aggregate envelope of
the action potentials of a large group of
phase-locking auditory neurons con-
centrated within major brainstem audi-
tory nuclei (/0-12). Although in the past
the FFR has often been confused with
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