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ABSTRACT Neu differentiation factor (NDFyneuregulin)
is widely expressed in the central and peripheral nervous
systems, where it functions as a mediator of the interactions
between nerve cells and Schwann, glia, oligodendrocyte, and
muscle cells, to control cellular proliferation, differentiation,
and migration. NDF binds to two receptor tyrosine kinases,
ErbB-3 and ErbB-4. Here we demonstrate that NDF and its
ErbB-4 receptor are highly reactive to changes in ambient
neuronal activity in the rodent brain in a region-selective
manner. Generation of epileptic seizures by using kainic acid,
a potent glutamate analog, elevated levels of NDF transcripts
in limbic cortical areas, hippocampus, and amygdala. Con-
comitantly, ErbB-4 mRNA was increased with a similar
spatial distribution, but transcription of the other NDF
receptor, ErbB-3, did not change. A more moderate stimula-
tion, forced locomotion, was accompanied by an increase in
NDF transcripts and protein in the hippocampus and in the
motor cortex. Similar changes were found with ErbB-4, but not
ErbB-3. Last, a pathway-specific tetanic stimulation of the
perforant path, which produced long-term potentiation, was
followed by induction of NDF expression in the ipsilateral
dentate gyrus and CA3 area of the hippocampus. Taken
together, these results indicate that NDF is regulated by
physiological activity and may play a role in neural plasticity.

Polypeptide growth factors play a central role in a variety of
environmentally induced structural changes in the cortex and
hippocampus of adult brain (1–3). For example, various treat-
ments that induce seizure cause an increase in the expression of
NGF in hippocampus (4). An even more dramatic and rapid
elevation of brain-derived neurotrophic factor (BDNF) mRNA
was observed after limbic seizures (1). These observations raise
the question as to whether other polypeptide factors that are
expressed in the central nervous system are also affected by
physiological activity. This possibility is especially relevant to a
family of soluble factors, variably named Neu differentiation
factors (NDFs) (5), heregulins (6), acetylcholine receptor induc-
ing protein (ARIA) (7), and GGF (8), collectively renamed
neuregulins (9), that has been recently identified as ligands of
ErbB receptor tyrosine kinase. All of the isoforms of NDFy
neuregulin are encoded by a single gene located on human
chromosome 8 (10). However, alternative splicing generates more
than 13 isoforms that differ in their mosaic structure. Most
important is an intrinsic EGF-like domain that is sufficient for
receptor binding and has two variants: a and b. Both groups of
isoforms bind directly to two types of receptors, ErbB-3 (11, 12)
and ErbB-4 (12, 13). Whereas the cytoplasmic domain of ErbB-4
displays a tyrosine-specific kinase activity, the corresponding
portion of ErbB-3 is devoid of catalytic function (14). Neverthe-

less, because NDFyneuregulin induces heterodimerization be-
tween ErbB-3 and ErbB-2, the latter can reconstitute signaling by
the neuregulins even in cells that do not express ErbB-4 (15, 16).

The NDFyneuregulin family is widely expressed during em-
bryonic development in two major locations: the nervous systems
and the mesenchymal portion of parenchymal organs (10, 17).
Both a and b isoforms are expressed in mesenchymal cells, where
they presumably function as mediators of mesenchyme–epithel
interactions. Likewise, the neural isoforms of the neuregulins,
which are mostly of the b isoform, also play a role in cell-to-cell
interactions. Thus, the ARIA promotes synapse-specific gene
expression, thereby augmenting nerve–muscle interactions (7).
Other isoforms of NDFyneuregulin promote maturation of as-
troglia and Schwann cells (8, 18), as well as oligodendrocytes (19),
and at the same time inhibit neuronal differentiation (20, 21).
These observations, together with the abundant expression of
NDFyneuregulins by brain neurons and astroglia (18, 22), suggest
that neuregulins are involved in the response of the brain to
environmental stimuli. Here we show that brain NDFy
neuregulin, along with one of its surface receptors, namely
ErbB-4, is induced by three types of stimuli: activation of general
excitatory neurotransmission with a glutamate receptor agonist,
locomotion, and tetanic stimulation. These observations imply
that the NDFyneuregulin family of ligands plays an important
role in activity-dependent brain processes and in neuronal plas-
ticity.

MATERIALS AND METHODS
Materials. A polyclonal rabbit antibody was raised against

bacterial recombinant NDF-a2 and found to recognize all
isoforms of the factor. The antiserum was purified over a
column of recombinant rat NDF, and the acid-eluted Ig
fraction was used after dilution (23). Rabbit antibodies to a
recombinant extracellular portion of ErbB-3 and an antibody
to a synthetic peptide derived from human ErbB-4 were
purchased from Santa Cruz Biotechnology. In preliminary
experiments we verified that these antisera do not cross-react.
MK-801 and CPP were from Tocris Neuramin (Bristol, U.K.).
All other chemicals were from Sigma.

Animals. Adult male Hooded or Wistar rats (3 months old,
200–250 g body weight) were used in all experiments. Between
5 and 10 animals were used in each experimental group.

Immunohistochemistry. Following perfusion of the animals
with 2.5% paraformaldehyde, brains were removed and stored
for 5–10 days in 1% paraformaldehyde. Serial 35-mm-thick
coronal or sagittal sections were subjected to immunohisto-
chemical analysis by using the avidin–biotin peroxidase tech-
nique (Vector Laboratories), as described (24).
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In Situ Hybridization Analysis. NDF-specific primers with the
following nucleotide sequences were synthesized: 59-oligonucle-
otide: 59-TGAAGAGCCAGGAGTCAGCTGCAGG-39 and 39-
oligonucleotide: 59-GGCTCGAGACTCTGAGGACACATA-
GG-39. These were used as primers to amplify a 0.3-kb-long
fragment of the rat NDF coding region from cDNA clone 44 (5).
The amplification procedure was exactly as described before (10),
and the resulting DNA was cloned into the Bluescript plasmid
(Stratagene). T3 and T7 RNA polymerases were used to generate
[a-(35S)thio]UTP-labeled sense and antisense transcripts that
were used as probes. Embedding, sectioning, postfixation, and
hybridization were performed as described (25). To prepare
cRNA probes specific to erbB-3 and to erbB-4, we extracted RNA
from the cerebellum of a 22-day-old rat by using the guanidinium
thiocyanateyLiCl method (26). erbB-3- and erbB-4-specific DNA
sequences were amplified by using the following oligonucleotides:
erbB-3-specific primers: 59-TCCTGGCCGCCCCACATGCAC-
AAC 39 [sense; nucleotides 1300–1323 of human erbB-4 (27)]
and 59-GTCACATTTGCCCTCTGCCA-39 (antisense; nucleo-
tides 1580–1599), and erbB-4-specific primers: 59-TGTGCGTG-
CCTGCCCTAGTTCCAAGATGG-39 [sense; nucleotides 945–
973 of human erbB-4 (28)] and 59-CCTGTTATCTCTCTGAC-
TGTCCG-39 (antisense; nucleotides 1210–1232). These primers
were used to amplify 299-bp and 288-bp fragments of rat erbB-3
and erbB-4 coding regions, respectively. The amplification pro-
cedure was performed as described (18), and the resulting DNA
was cloned into the Bluescript plasmid (Stratagene). Sections
were exposed either for 10 days (e.g., Figs. 3A and 5C) or for 30
days (e.g., Fig. 1) to detect differences in cases where the control
signals were low.

Image Analysis. To quantify the relative levels of specific
mRNA molecules in rat brain we prepared computer images of
dark-field emulsion photomicrographs of thin sections by using a
video camera attached to a Universal Zeiss microscope. Frames
were recorded by using the software SCREENPLAY (VideoSpring,
SuperMac Technology, Sunnyvale, CA) and transferred as PICT
files to PHOTOSHOP 3.0 for processing and analysis. The optical
density of the autoradiograms was measured by using the NIH-
IMAGE 1.41 software (Bethesda, MD).

Kainic Acid (KA)-Induced Epilepsy. KA (adjusted to pH 7.4,
12 mgykg of body weight) was injected intraperitoneally, and
animals were monitored to detect the typical development of
epileptic seizures. Treated rats were sacrificed at the indicated
time points after injection.

Locomotion. Rats were placed in a wire mesh wheel (15-cm
radius), that was rotated mechanically for 1 hr at a speed of 4.7
turns per min. Rats were sacrificed at various time intervals
after termination of the locomotor activity, as indicated. Five
control animals were injected with the N-methyl-D-aspartate
(NMDA) receptor antagonist MK-801 (0.5 mgykg) 30 min
before the behavioral treatment. Other control rats were
injected with saline.

In Vivo Long Term Potentiation (LTP). LTP was induced in the
hippocampal dentate gyrus (DG) by high-frequency stimulation
(HFS) of the perforant path. Rats were anesthetized with ure-
thane (1.5 gykg) and placed in a Kopf stereotaxic apparatus as
described before (33). The stimulation intensity of test pulses (100
ms, 0.066 Hz) to the perforant path was adjusted to yield a
population spike amplitude of about 1.0 mV in the DG, and
baseline responses were collected for 15 min. Both the initial
slope of the positive-going excitatory postsynaptic potential
(EPSP) and the amplitude of the granule cell population spike
were measured. HFS, at an intensity sufficient to elicit the
maximum granule cell population spike, consisted of 10 trains (1
per min) of 50 pulses delivered in 5 bursts, each of 25-ms duration
and 400 Hz; bursts were separated by 1 s. After tetanic stimula-
tion, the responses to test pulses were monitored for 60 min, and
the rats were sacrificed 1 hr later. The brains were removed and
kept frozen at 270°C until sectioning for in situ hybridization
analysis. In two control rats, 3-[(RS)-2-carboxypiperazin-4-yl]-

propyl-1-phosphonic acid (CPP) (10 mgykg) was injected 20 min
before stimulation, which led to blockade of LTP expression.

Statistics. Both changes in optical density values obtained
for mRNA levels and changes in the number of NDF-
immunopositive cells were determined by using a two-way
ANOVA. The accepted level of significance was 0.05.

RESULTS
Induction of NDF and ErbB-4 by Epileptic Seizures. As an

initial test of the possibility that transcription of brain NDFy
neuregulin is dynamically regulated we used massive stimulation
of brain activity with the seizure-producing glutamate analog,
kainate, which is involved in de novo gene transcription (29, 30).
KA was injected intraperitoneally, and changes in the expression
of NDF, as well as its receptors, ErbB-3 and ErbB-4, were
followed. In accordance with previous reports (18, 22), in situ
hybridization localized NDF transcripts to multiple sites in the
brain, including cerebral cortex, thalamus, hypothalamus, and
amygdala (Fig. 1). Likewise, transcripts of erbB-3 and erbB-4
were found to be widely expressed in adult rat brain, in agreement
with previous reports (21, 31): major sites of erbB-4 expression
are the cerebral cortex, hippocampus, and amygdala, whereas
erbB-3 displayed low and uniform expression. KA injection
resulted in a complex pattern of changes in the expression of NDF
and ErbB-4 receptors (Figs. 1 and 2A). These were quantified and
their time dependency was analyzed. Evidently, NDF expression
was increased primarily in limbic cortical areas, including the
cingulate and piriform cortex. High levels were also detected in

FIG. 1. Effect of kainic acid on the expression of NDFyneuregulin
and its ErbB-3 and ErbB-4 receptors in rat brain. Coronal brain
sections were prepared from rats 4.5 hr after intraperitoneal injection
of kainate (KA) and hybridized to the following 35S-labeled cRNA
probes: NDF (A), erbB-3 (B), and erbB-4 (C). Dark-field photomi-
crographs are shown in comparison with sections that were prepared
from brains of untreated rats (CONTROL). The far-right panels show
high magnification of cells in the hippocampal areas CA1 and CA3.
Note the punctate appearance of ErbB-4 staining corresponding to
single cells especially in control brains. A, amygdala; CA1 and CA3,
fields of Ammon’s horn; DG, dentate gyrus; Hy, hypothalamus; Rt,
reticular thalamic nucleus; Pir, piriform cortex; and Th, thalamus.
Scales in C also are for the corresponding images in A and B.
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CA1 and CA3 and the dentate granular region of hippocampus,
as well as in the amygdala and the medial hypothalamus. erbB-4
transcripts were elevated by 2- to 5-fold in neocortical areas,
hippocampus, and the thalamus. Despite elevation of both types
of transcripts already 1 hr after KA treatment, and an apparently
shared biphasic response in cortical areas, sustained elevation of
erbB-4, but not NDF, was exhibited in the CA1 region of the
hippocampus. NDF elevation was most sustained in the amyg-
dala, lasting 4.5 hr. Statistical analyses indicated that erbB-3 did
not change significantly in any of the areas studied (Fig. 1).
Elevated expression of NDF and erbB-4 was localized to the
pyramidal layers of CA1 and CA3 areas of the hippocampus, as
well as to large pyramidal cells of the neocortex. We found no
hybridization signals in cells with small, darkly stained nuclei
characteristic of microglia or oligodendroglial cells. In addition,
hybridization was not detected in astrocyte-rich regions, such as
layer I of the neocortex, the corpus callosum, and the molecular
layer of the hippocampus.

Immunohistochemical examination of the brains of KA-treated
rats with affinity-purified antibodies to NDF confirmed that
transcriptional up-regulation was coupled to local increase in the
NDF protein. An example of this coupling in the amygdala is
shown in Fig. 2B; the low level of NDF transcript and protein in
untreated animals was replaced by a punctate pattern of high
expressing cell bodies 4.5 hr posttreatment, but both RNA and
protein returned to near basal levels 2 hr later. We observed a
general lag of approximately 3.5 hr between the peak of mRNA
and that of NDF protein; the peptide peaked at 4.5–6.5 hr in the
cortex, at 6.5 hr in the hippocampus, and at 4.5 hr in the amygdala,
and the induced levels persisted for about 3 hr before being
reduced to control levels. Morphologically, NDF immunoreac-
tivity was found in large pyramidal cells in the cortex (primarily
in layer V) and in the hippocampus. This implies that the cells
undergoing up-regulation of NDF expression are neurons and not
glial cells, in accordance with the basal NDF expression exhibited
by primary neuronal cultures (18, 21).

Forced Locomotion Elevates NDF and ErbB-4 in Hippocam-
pus and in Motor Cortex. KA activates extensive regions in the

brain. In trying to use more restricted stimuli that will activate
only functionally relevant areas of the brain, we resorted to the
motor system. During locomotion, the motor cortex is assumed to
be active, and, in addition, a large theta rhythm is recorded from
the dorsal hippocampus (32), but other brain regions are not
assumed to be activated as much. Using in situ hybridization
analysis with specific probes, we found elevated transcription of
NDF and erbB-4, but not erbB-3, in hippocampal areas CA1–3
and DG of rats that underwent a 1-hr-long exercise on a running
wheel (Fig. 3A). Unlike NDF, which localized to all cells in the
pyramidal cell layer, erbB-4 expression was punctate and limited
to fewer cells, possibly interneurons, laying below the NDF-
positive layer. Immunohistochemical analysis with antibodies to
NDF, ErbB-3 and ErbB-4, was performed with brains of animals
sacrificed 6 hr after forced locomotion. This confirmed up-
regulation of the peptide in hippocampus and in DG, along with
up-regulation of ErbB-4 (Fig. 3B). ErbB-3 expression was not
affected by the forced locomotion. To test whether glutamate
plays a role in coupling physical activity to gene regulation, we
injected rats with MK-801, a noncompetitive NMDA-receptor
antagonist, 30 min before the start of locomotion. The NMDA
antagonist prevented the activity-induced elevation in staining for
NDF and its receptor, consistent with glutamate involvement
(Fig. 3B).

The other brain region that underwent massive changes in both
NDF and ErbB-4 expression is the motor cortex. Using immu-
nohistochemistry, we observed a striking increase in the number
of NDF- and ErbB-4-immunopositive pyramidal cells in the
superficial and deep layers II, III, and VI, respectively, after
forced locomotion (Fig. 4, and data not shown). There was no
significant effect on the number of stained cells in layer V. In
addition, the number of stained cells in layers II and III peaked
3.5 h after termination of locomotion, and in layer VI, after 6.5
hr (Fig. 4B). Elevation of NDF was most pronounced in the motor
cortex; in other areas substantial staining was observed only in
scattered neurons of all layers. Staining was reduced in all cortical
layers at 7.5 hr after the locomotion training.

LTP Triggers Unilateral Increases in Hippocampal NDF.
LTP, a persistent, synapse-specific increase in synaptic effi-

FIG. 2. Time-dependent changes in kainate-induced effects in rat brain. (Left) Three brain regions were analyzed: the neocortex (Cx, Top), CA1
area of the hippocampus (Middle), and the amygdala (Amy, Bottom). Thin sections were subjected to in situ hybridization analysis with probes of
NDFyneuregulin (triangles), erbB-3 (squares), and erbB-4 (circles). Three animals were tested at each time point, and six measurements were made
with each probe and brain area. Asterisks indicate a significant effect relative to the control (P , 0.05). (Right) Changes in the amygdala detected
by immunocytochemistry (Lower) and by in situ hybridization (Upper). Brain slices from control (A and D) or kainate-treated rats (B, C, E, and
F) were processed at the indicated time intervals after kainate injection. Both in situ hybridization analysis (A–C) with an NDFyneuregulin probe,
and immunocytochemistry with anti-NDF antibodies (D–F) were performed. AM, amygdala; SON, supraoptic nucleus.
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cacy, which is a candidate mechanism for memory formation
in mammalian brain (33), involves activation of many imme-
diate early gene proteins, as well as neurotrophic factors like
BDNF (34). To address possible effects of LTP on NDF
induction we used tetanic stimulation of the perforant path
input to the dentate gyrus, and followed LTP in this mono-
synaptic pathway. The results of this experiment are presented
in Fig. 5. Evidently, LTP induction led within 1 hr to an
ipsilateral increase in NDF transcripts in DG and in CA3, but
not in CA1 of the hippocampus (Fig. 5). The contralateral

hippocampus displayed no induction of NDF (Fig. 5A). In
addition, at this early time point we observed no significant
increase in erbB-3 or in erbB-4 transcripts (data not shown).
Bright-field microscopy of brain sections localized NDF tran-
scripts to the pyramidal cells of CA3 and to granular cells of
the dentate gyrus (Fig. 5B). Injection of CPP before the tetanic
stimulation blocked the effect on NDF in both CA3 and DG
(data not shown). These results suggest that the association
between NDF and induction of LTP in these regions is
mediated by activation of NMDA receptors.

FIG. 3. Effect of locomotion on NDFyneuregulin expression in the hippocampus. The brains of rats that walked for 1 hr were analyzed by in
situ hybridization (A) with cRNA probes of either NDF, erbB-3, or erbB-4, as indicated, or by immunostaining (B) with antibodies specific to either
recombinant rat NDF, or to the indicated ErbB receptor. Control rats were similarly analyzed. RNA was analyzed 2 hr after walking, and proteins
were assayed after 6.5 hr. The lower row in B shows high-power images of the CA1 region. Note the homogenous increase in NDF message in the
pyramidal layer of region CA1 in A, and the more punctate appearance of labeling in the DG. Only punctate, more diffused labeling is seen with
the probe for ErbB-4, indicating that the probe labeled interneurons, in both CA1 and CA3 regions. Control animals, which were pretreated with
the NMDA receptor blocker MK-801, lacked the dense staining in CA1, but still expressed a higher staining intensity than control, in CA3 area
(B Right). [Bar 5 1.7 mm (A).]
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DISCUSSION
The present results demonstrate that NDFyneuregulin and one of
its receptors, ErbB-4, are differentially up-regulated in several
parts of rat brain after epileptic seizure (Figs. 1 and 2), locomotor
activity (Figs. 3 and 4), and induction of LTP (Fig. 5). Although
both the transcripts of the ligand and the respective receptor were
elevated after treatment with KA, their kinetics were different
(Fig. 2A). Nevertheless, enhanced transcription was transient in
both cases and displayed some regional specificity. Additional
experiments confirmed that the elevation of mRNAs leads to
similar increases in NDF and ErbB-4 proteins after KA-induced
seizure (Fig. 2B) and simple locomotion (Figs. 3B and 4). Once
again, transient rather than persistent enhanced expression was
observed, indicating a short half-life of the induced NDF in brain.
For example, maximal elevation of the NDF transcript after
locomotion was observed between 2 and 3 hr after the behavioral
test, and the protein lagged by 2.5 hr and returned to basal level
after 6–7 hr. This may be due to regulatory sequences in the 39
untranslated region of the corresponding mRNAs (6, 5, 28).
Interestingly, the Drosophila ortholog of NDF, Vein, carries a
PEST domain characteristic of rapidly proteolized proteins (35),
but a similar domain in mammalian neuregulins has not yet been
reported.

Enhanced expression of NDF and ErbB-4 after stimuli in-
volved in neural plasticity may not be surprising in view of the vast
literature reporting induction of extensive gene expression in

experimentally activated brain or in the developing central ner-
vous system (33, 36, 37). A plethora of genes, including not only
immediate early response genes but also trophic factors, tran-
scription factors, enzymes, vesicular, and structural proteins, were
found to be induced by plasticity-related stimuli such as treatment
with KA (38), or after LTP induction (39, 40). Perhaps most
relevant to the case reported in this paper is the pair of a
neurotrophic factor, BDNF, and its receptor, TrkB. BDNF, which
functions as a survival factor for several types of neurons, along
with its receptor, is elevated after mechanical damage, seizure (1),
kindling (41), visual stimulation (3), and exercise (42). Interest-
ingly, like ErbB-3, whose expression is not affected by activity-
related stimuli, other Trk proteins undergo only limited changes
upon brain insults (43). Consistent with ErbB-4 being the more
dynamically regulated receptor in the central nervous system, its
expression precedes that of ErbB-3 during embryonic develop-
ment of the brain, and analysis of primary brain cultures indicated
that ErbB-4 is expressed in many types of brain cells, whereas
ErbB-3 expression is restricted to oligodendrocytes in late ges-
tation (21). In addition, targeted inactivation of erbB-4 in mice
resulted in mistargeting of axons of specific rhombomers in the
hindbrain (31), attributing a role for ErbB-4 in axonal guidance.
Moreover, when expressed in glial cells, a dominant-negative
mutant of ErbB-4 can block migration of overlying cerebellar
granular cells (44). These observations in the developing brain are
relevant to the possible role of NDF and ErbB-4 in activity-
dependent processes in adult rats. Related to this question is the
exact localization of the up-regulated transcripts. The more
prominent sites are the hippocampal areas, the DG, and the
motor cortex. These are highly plastic areas, responsive to exter-

FIG. 4. Forced locomotion enhances NDF staining in the motor
cortex. (A) Rats were sacrificed 3.5 hr or 6.5 hr after walking for 1 hr on
a revolving wheel, and the corresponding areas of the motor cortex
(marked by arrows) were analyzed by immunostaining with an affinity-
purified antibody to NDF. (B) Quantification of the effect of locomotion
on NDF expression was performed by counting the number of NDF-
positive cells in the indicated layers of the motor cortex. A large increase
in cell staining is seen already at 3.5 hr in layers 2–3 of the neocortex,
whereas in the deeper layers, including the large pyramidal cells of layers
5 and 6, immunoreactivity increased more slowly. Asterisks indicate an
increase above control at a significance level of P , 0.05.

FIG. 5. NDF induction by an LTP-producing tetanic stimulation.
Unilateral LTP was induced in the left perforant path of rats, and the
brain was removed 1 hr later. In situ hybridization analysis of NDF
expression was then performed. (A) Sample traces of population
EPSPs and spikes taken before and after application of tetanic
stimulation, illustrating a marked change in EPSP slopes and size of
population spikes. (B) Persistence of enhancement of population spike
size after the tetanic stimulation. The 2-fold change in population
spike size lasted at least 40 min of recording past the tetanic stimu-
lation. (C) Dark-field photomicrograph of coronal section through the
hippocampus, indicating the increase in NDF message in the ipsilateral
DG and CA3 of the hippocampus. (D) Higher-power, bright-field
photomicrographs of the ipsilateral and contralateral sides showing
NDF expression in individual granule cells of the ipsilateral dentate
gyrus. [Bar 5 3.75 mm (D) and 2.5 mm (C).]
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nal stimuli (1, 3). Close inspection of the patterns of expression,
however, suggests that NDF and ErbB-4 are induced by adjacent,
yet distinct, cells (Fig. 3A). Conceivably, as in other cellular
systems in which NDF plays a mediator role, such as mesen-
chyme–epithel, muscle–neuron, and neuron–Schwann cells (9), a
paracrine rather than an autocrine mechanism is operative in the
induced hippocampus.

One possible function of NDF up-regulation may be to protect
brain cells against the excitotoxic effects of glutamate-like mol-
ecules (e.g., NMDA) (45). However, because the granular neu-
rons of the DG are not susceptible to excitotoxic damage induced
by KA (46), alternative roles that are related to potential mech-
anisms of neural plasticity may be considered. Examples include
a postsynaptic effect on transmission efficacy, similar to the role
of ARIAyneuregulin in strengthening neuromuscular synapses
(47). Alternatively, retrograde transport of hippocampal NDF,
analogous to that of BDNF (48), may support survival of fore-
brain cholinergic neurons, similar to the effect observed on
cultured retinal cells (49). Independent of its functional role,
NDF secretion by hippocampal neurons is apparently under
glutamatergic control. Thereby, activity-dependent expression of
this trophic factor and its ErbB-4 receptor may act as the target
for use-dependent competition between afferent nerves, similar
to the requirement for NDF, when developing Schwann cells
attain the characteristic 1:1 ration with nerve cells (50). In
Schwann cells, however, NDF receptor consists of a heterodimer
between ErbB-3 and ErbB-2. Whether or not ErbB-2 expression
is modulated in activity-dependent processes remains to be seen,
as is possible physiological regulation of the recently identified
second family of neuregulins (51). Despite these open questions,
our results attribute to neuregulins a role in the mechanism by
which exercise can influence the structure and function of the
nervous system. Because NDF resides primarily in pyramidal
neurons whereas ErbB-4 is found in interneurons, and both are
up-regulated, it is tempting to speculate that NDF secretion will
affect local hippocampal circuits in a manner similar to the
potentiating effect of the motor neuron-derived ARIA on the
neuromuscular junction (47). The implications of this model to
cognitive and motoric brain functions will have to await further
studies.
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