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Regulated Expression of the Neural Cell
Adhesion Molecule L1 by Specific Patterns
of Neural Impulses

Kouichi Itoh, Beth Stevens, Melitta Schachner,
R. Douglas Fields*

Development of the mammalian nervous system is regulated by neural impulse activity,
but the molecular mechanisms are not well understood. If cell recognition molecules [for
example, L1 and the neural cell adhesion molecule (NCAM)] were influenced by specific
patterns of impulse activity, cell-cell interactions controlling nervous system structure
could be regulated by nervous system function at critical stages of development. Low-
frequency electrical pulses delivered to mouse sensory neurons in culture (0.1 hertz for
5 days) down-regulated expression of L1 messenger RNA and protein (but not NCAM).
Fasciculation of neurites, adhesion of neuroblastoma cells, and the number of Schwann
cells on neurites was reduced after 0.1-hertz stimulation, but higher frequencies or
stimulation after synaptogenesis were without effect.

Developing before the establishment of
synapses, spontaneous electrical activity in
prenatal neurons is of undetermined impor-
tance (1). Evidence suggests that impulses
can regulate neuronal differentiation, but
the molecular mechanisms are unknown
(1-3). The neural cell adhesion molecule
L1 has a major influence on morphogenesis
of the nervous system, by regulating cell
adhesion, neurite outgrowth, fasciculation,
myelination, and transmembrane signaling
(4). Possible  control of L1 expression by
patterned impulse activity was explored in
mouse dorsal root ganglion (DRG) neurons
maintained in a multicompartment cell cul-
ture preparation (Fig. 1A) (5), designed to
deliver electrical stimulation in patterns re-
sembling the normal impulse activity in
developing sensory neurons (1).
Stimulation at a rate of one action po-
tential every 10 s (0.1 Hz) reduced L1
mRNA by a factor of 12.7 * 1.46 after 5
days of stimulation (P < 0.001; n = 8), as
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measured by quantitative polymerase chain
reaction (PCR) (Fig. 1, C through E). Com-
pared to 0-Hz stimulation (n = 6), differ-
ences were not significantly lower after 1 or
3 days of stimulation at 0.1 Hz (79 = 11%,
n = 3; and 89 * 5.6%, n = 3). Alternative
PCR strategies, with neuron-specific eno-
lase (n = 4) or cyclophilin (n = 6) for
normalization, or coamplification with the
internal L1 mimic (n = 27) (Fig. 1B), con-
firmed the reduction after 5 days.

We next investigated whether regula-
tion of L1 mRNA was sensitive to the
particular pattern of impulses, as would be
required to optimize structural and func-
tional relations according to the informa-
tion processing efficacy of the newly formed
circuit. Stimulation at higher frequencies
for 5 days (0.3 or 1 Hz; n = 3 and 4) (Fig.
1B) and pulsed stimulation (0.5-s, 10-Hz
bursts every 2 s; n =.2) failed to alter levels
of L1 mRNA. Chronic membrane depolar-
ization for 5 days with 60 mM KCI was
without effect (n = 3).

Protein immunoblot analysis showed a
decrease in L1 polypeptide amounts accom-
panying the reduction of L1 mRNA (Fig.
2). Both molecular species of L1 in DRG
neurons (210 and 230 kD) (6, 7) decreased
significantly after 5 days of 0.1-Hz stimula-
tion (P < 0.05, n = 21), but not after an
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equal period of 1-Hz stimulation (n = 15)
(Fig. 2). In contrast to L1, none of the three
polypeptide bands of NCAM (180, 140,
and 120 kD) was influenced by electrical
stimulation (Fig. 2; n = 11). Regulation of
L1 levels could be mediated by decreased
transcription or destabilization of L1
mRNA.

We tested whether the same frequency
of stimulation that down-regulated L1 af-
fected essential developmental processes
known to be mediated by L1. Adhesion of
neuroblastoma (N2a) cells to DRG neurites
(Fig. 3, A through C) was reduced signifi-
cantly after 5 days of 0.1-Hz stimulation (P
< 0.002,n = 17) (8) (Fig. 4A) but not after
1-Hz stimulation compared to controls (n =
14) (Fig. 3, A and C, and Fig. 4A). This
adhesion assay is largely dependent on ho-
mophilic L1-L1 binding, as indicated by
inhibition of N2a cell adhesion to DRG
axons after preincubation of cells with an-
tibodies against L1, but antibodies against
NCAM had no effect (9). When L1 expres-
sion was up-regulated by exposure to nerve
growth factor (NGF) (50 ng/ml) (10) dur-
ing the 0.1-Hz stimulus period, the reduc-
tion in adhesion of N2a cells to stimulated

Fig. 1. Regulation of L1
mMRNA levels by electrical
stimulation in vitro (74). (A)
Mouse DRG neurons were
cultured in the side com-
partments (s) of multicom-
partment PTFE inserts in
35-mm culture dishes.
Neurites grow under the
partition between the side
and central (¢} compart-
ments, allowing low-cur-
rent stimulation through c
platinum electrodes (e) on

O Hz 1.5

neurites was prevented (n = 6) (Fig. 4A).

These results strongly implicate reduced
L1 expression in the stimulus-induced re-
duction in adhesion, rather than NCAM or
calcium-dependent adhesion molecules.
The data do not exclude the possibility that
other molecules might also be regulated by
impulse activity to contribute to these func-
tional effects.

Important developmental consequences
would result if association of Schwann cells
to axons, which is known to involve ho-
mophilic L1-L1 binding (7), were affected by
impulse activity. Schwann cells secrete neu-
rotrophic factors, myelinate larger diameter
DRG axons to enable rapid impulse conduc-
tion, and ensheath multiple unmyelinated
axons into bundles (I1). Cultured mouse
Schwann cells were plated onto DRG cul-
tures that had been stimulated for 5 days at
0.1, 1, or 0 Hz. Approximately 50% as many
Schwann cells were present on DRG neu-
rites after 0.1-Hz stimulation compared with
cultures stimulated at 1 Hz (P < 0.008, n =
17) or 0 Hz (P < 0.004, n = 18) (Fig. 4B).
Counts were made 4 days after stimulation,
indicating that effects persist after substan-
tial Schwann cell proliferation.
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titions (5). Scale bar = 10
mm. (B) Expression of L1
mRNA (136 bp) decreased
after 0.1-Hz stimulation for
5 days (lane 1) (P < 0.001, L1
n = 27) but was un-
changed after 0.3-Hz (lane
3) (n = 3) or 1-Hz stimula-
tion (lane 5) (n = 3) relative
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sure concentrations of L1 mRNA after 0-Hz (upper) and 0.1-Hz (lower) stimulation. (D) Regressional analysis
of the competitive PCR experiment shown in (C). The concentration of L1 mimic yielding an equimolar
ampilification of endogenous L1 target message and L1 mimic (ratio of logs = Q) is used to quantitate
differences in L1 mRNA after stimulation. (E) Summary of pooled data from competitive PCR analyses
indicating a reduction by a factor of 12.7 £ 1.46 (SEM) in L1 mRNA after 0.1-Hz stimulation (P < 0.001; n
= 8). There is no indication that stimulation alters the cellular composition of DRG cultures (76). **P <

0.001.
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Axonal fasciculation is a crucial develop-
mental process for growth cone guidance,
innervation, the organization of axons into
functional groups in central tracts and pe-
ripheral nerves, and in synaptic plasticity (4,
12). Neurites formed smaller and less uni-
form bundles with more random orientations
in cultures stimulated at 0.1 Hz (Fig. 3E)
compared with those stimulated at O Hz (Fig.
3D) or 1 Hz (Fig. 3F). Automated morpho-
metric analysis confirmed that impulse activ-
ity reducing L1 expression also reduced fas-
ciculation (P < 0.03; n = 26) (Fig. 4C).

If similar effects occur in vivo, impulse
activity could have significant influences on
the developing structure of the nervous sys-
tem by regulating L1 levels. Changes in pre-
natal firing patterns of DRG neurons have
been correlated with distinct developmental
phases (1), but before these observations on
L1 expression, a molecular mechanism for a
possible causal relation has not been avail-
able. During the period of neurite outgrowth,
DRG neurons are electrically inexcitable.
Low-frequency spontaneous activity (<0.5
to 1.5 Hz) begins as the nerve terminals
reach the periphery and form a diffuse sub-
epidermal plexus by terminal branching. Af-
ter sensory end-organs differentiate and neu- .
rons form central synapses, impulse activity
changes to higher frequency and stimulus-
evoked bursts (10 to 20 Hz). The nerve
terminals then fasciculate, the subepidermal
plexus withdraws, and myelination begins.
The terminal branching associated with the
commencement of low-frequency impulse
activity would be consistent with the lower
L1 expression and defasciculation in vitro.
Larger amounts of L1 could promote neurite
outgrowth in early stages of development (4)
and promote fasciculation of axon terminals
and myelination by Schwann cells after

D JERE, B SIS AT R A e - 2,
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Fig. 2. Effects of electrical stimulation on amounts
of L1 and NCAM polypeptide in DRG neurons
(77). The 230- and 210-kD bands of L1 polypep-
tide decreased 59 * 5.3 and 55 * 4.8%, respec-
tively, after 5 days of stimulation at 0.1 Hz (lane 2)
compared with 0 Hz (lane 1) (P < 0.005; n = 21).
Stimulation at 1 Hz did not decrease L1 levels
(lane 4) compared with O Hz (lane 3) [97 = 2.0 and
104 * 4.9% of control for the 230- and 210-kD
bands, respectively (n = 15)]. In contrast to L1,
none of the NCAM polypeptides (120-, 140-, and
180-kD bands) was affected by stimuiation at 0.1
Hz {lane 6), compared with 0 Hz (lane 5) (n = 11).



high-frequency impulse activity begins (1).
Further tests of these correlations in vivo
appear warranted.

Consistent with the developmental se-
quence in utero, we find that the reduction
in L1 expression could not be induced by
low-frequency stimulation after synapto-
genesis with spinal cord neurons. This was
shown by plating neurons from the ventral
spinal cord into the central compartment of
the chamber (13). Three weeks later, after

DRG neurons in the side compartments
had formed abundant synaptic connections
with spinal cord neurons (13), stimulation
at 0.1 Hz for 5 days failed to alter L1
expression in DRG neurons (114 = 9.3%
relative to 0 Hz, n = 8).

These studies provide the first evidence
that L1 expression is regulated by patterned
action-potential stimulation. This activity-
dependent regulation is specific to particu-
lar temporal patterns of stimulation within

Fig. 3. Electrical stimulation at 0.1 Hz inhibits cell adhesion (8, 9) and neurite fasciculation (78). (A through
C) DRG axons grow under the partition between central and side compartments within lanes marked by
horizontal scratches on the bottom of the culture dish. Removing the insert after the stimulus period
provides a uniform compact monolayer of parallel DRG neurites for adhesion assay. Adhesion of N2a
cells (8, 9) was reduced on neurites stimulated at 0.1 Hz for 5 days (B), compared with unstimulated
cultures (A) or cuitures stimulated at 1 Hz (C). (D through F) Fasciculation of DRG neurites in the side
compartment was reduced by stimulation after 0.1 Hz for 5 days (E) compared with 0 Hz (D), but was
unchanged after stimulation at 1 Hz (F). Scale bar = 50 um.

Fig. 4. Summary of functional effects of regulating L1 expression NGF (ng/ml)
by impulse activity in DRG neurons. (A) Adhesion of N2a cells was A 0 0 0 50 50
reduced significantly after 5 days of 0.1-Hz stimulation (***P < __ 100
0.004 compared with 0 Hz), but adhesion was unchanged after &%
1-Hz stimulation. Up-regulation of L.1 expression in DRG neurites g 5
with NGF (50 ng/ml) (70) blocked the effects of 0.1-Hz stimulation, @ g
suggesting that reduced L1 expression mediated reduced adhe- ‘o §
sion after 0.1-Hz stimulation (mean and SEM of n = 10, 7, 4, 3, o
and 3 independent experiments). (B) The number of Schwann
cells associated with neurites was reduced significantly 4 days B
after 0.1-Hz stimulation for 5 days (**P < 0.002), but Schwann cell . 8o
numbers were not affected by 1-Hz stimulation for 5 days (7 = 9, _._?‘"E 70+
9, and 8 experiments) (79). (€) Fasciculation reduces the number 2., 601
of individual fiber bundles intersecting a linear transect, and the B S 501
least fasciculation (that is, more fibers) was detected by automat- s % 40
ed morphometric analysis in cultures stimulated at 0.1 Hz (P < Cs 304
0.03, n = 26, ANOVA) (18). 0 0.1 1
C
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]
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the normal physiological range and to spe-
cific neural cell adhesion molecules (L1 but
not NCAM in these experiments). Major
developmental processes, including axon-
axon association and Schwann cell-axon
interactions, are regulated by the pattern of
impulse activity in DRG axons and in ac-
cordance with the concomitant changes in
L1 expression. These features make regula-
tion of neural cell adhesion molecules by
specific patterns of impulse activity an at-
tractive mechanism for controlling cellular
interactions that coordinate the structure
and function of the nervous system during
development and regeneration.
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Scope of the AIDS Epidemic in the
United States

Philip S. Rosenberg

Two-dimensional deconvolution-techniques are used here to reconstruct age-specific
human immunodeficiency virus (HIV ) infection rates in the United States from surveillance
data on acquired immunodeficiency syndrome (AIDS). This approach suggests that
630,000 to 897,000 adults and adolescents in the United States were living with HIV
infection as of January 1993, including 107,000 to 150,000 women. The estimated inci-
dence of HIV infection declined markedly over time among white males, especially those
older than 30 years. In contrast, HIV incidence appears to have remained relatively
constant among women and minorities. As of January 1993, prevalence was highest
among young adults in their late twenties and thirties and among minorities. An estimated
3 percent of black men and 1 percent of black women in their thirties were living with HIV
infection as of that date. If infection rates remain at these levels, HIV must be considered

as endemic in the United States.

Through the use of deconvolution meth-
ods known as backcalculation, the national
AIDS database compiled by the Centers for
Disease Control and Prevention - (CDC)
and the distribution of the incubation peri-

od between infection with HIV and diag-

nosis with AIDS can be used to reconstruct
the historical incidence of HIV infection
that best accounts for the observed epidem-
ic of AIDS cases (I). In recent years, the
incidence of AIDS in the United States has
slowed, with rates that are approaching a
plateau (2). This trend likely reflects both
reduced infection rates since the mid-1980s
and widespread use of prophylactic thera-
pies, which delay the onset of AIDS (3).
Although the plateau in national AIDS
cases would appear to be a favorable sign,
optimism must be tempered by an appreci-
ation of the dynamic nature of the epidem-
ic. The HIV virus entered the United States
during the late 1970s and spread rapidly

National Cancer Institute, Rockville, MD 20852-4910,
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during the early to mid-1980s. During this
early period, there were large susceptible
populations at risk over a broad range of
ages. As the epidemic matured, one would
expect that new entrants to at-risk popula-
tions— homosexual men, injection drug us-
ers, and high-risk heterosexuals—would
tend to be young. Hence, it is plausible that
the epidemic would stabilize with fewer in-
fections occurring in recent years compared
to the mid-1980s. For purposes of epidemic
monitoring, therefore, a key question is
whether the incidence rate among young
adults has declined in comparison to the
rate among persons of the same age in the
past.

Although there are only limited data
available to address this question by direct
observation, extensions of the backcalcula-
tion approach (4, 5) allow one to estimate
the age-specific incidence of infection from
the age-specific - incidence of AIDS. To
avoid potential biases resulting from CDC’s
expansion of the AIDS case definition in
1993 (2), this approach was applied to cases
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315-um linear transect in the side compartment,
parallel to the partition and 100 to 200 wm from the
barrier. Statistical comparisons by analysis of vari-
ance (ANOVA) were based on the mean number of
fascicle intersections from 10 to 15 measurements in
each dish (n = 26 dishes).

19. Schwann cells were prepared as described (77) and
plated on DRG cultures (0.15 X 108 cells per dish)
after 5 days of stimulation. Cultures were fixed with
4% paraformaldehyde 4 days later and stained with
monoclonal antibody against the Schwann cell
marker CNPase [T. J. Sprinkle et al., Brain Res. 426,
349 (1987)). Quantitative comparisons were based
on the mean number of Schwann cells per 0.13 mm?
determined from at least 15 microscopic fields in
each dish. Preincubation with antibody against L1
inhibited Schwann cell adhesion by >30% (P <
0.009;n = 7).

20. We are grateful to-P. Nelson for continuous helpful
discussions and to M. O’Donovan for reading an
early draft of this report.
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among adults and adolescents who were
diagnosed up to 1 January 1993 and who
met the previous 1987 case definition (6).
Incidence counts were adjusted for delays in
reporting and estimates were inflated by
18% to reflect cases that will never be
reported (7).

Although the overall rate of increase
slowed after 1987, AIDS incidence trends
differ according to birth cohort (Fig. 1A).
Incidence among persons born before 1960
increased during the early to mid-1980s and
then approached a plateau during 1991 to
1992, but AIDS incidence among persons
born after 1960 was very low until 1986 and
has increased steadily since then. This qual-
itative difference is apparent among men
and women in each racial and ethnic group
(Fig. 1B).

"The infection rate function v(s, a) spec-
ifies the number of infections per year at
calendar time s among persons aged a years.
Estimates of v(s, a) were derived from age-
specific AIDS incidence data on the basis of
the incubation distribution. The fundamen-
tal convolution equation (4, 5) is given by

t

E(Y,) = |v(sk — t + )ft — slk—t+s,5)ds
To

(1)

where E(Y, ) is the expected number of
cases occurring at calendar time t among
persons aged k years at diagnosis, T is the
assumed start date of the epidemic, and
f(tla, s) is the incubation period density
function for persons aged a years at infec-
tion who were infected at time s. The
incubation distribution varies by age to
reflect that younger age is associated with
slower progression (8) and by time to ac-
count for the increasing use of prophylac-
tic therapies since 1987 (1, 3-5). Given
observed AIDS incidence data Y, and an





