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“Knocking out” a Neural Circuit

Although the visual system occupies nearly half of the
mammalian brain, we still do not completely understand
its first synaptic stage. One reason is that the dendrites
postsynaptic to photoreceptors comprise such a maze
of fine processes that doubt remains whether all the
second order circuits have been identified—even after
4 decades of electron microscopy. Now advanced func-
tional methods applied to a mammalian rod pathway
suggest a circuit previously unsuspected from anatomy.

The standard model for two rod circuits is shown in
the diagram. The rod terminal contacts a single type of
dedicated bipolar cell (left) and also forms an electrical
junction with the cone terminal. The rod-to-bipolar cir-
cuit is thought to serve starlight, which is so dim that
over minutes no rod transduces more than one photon.
This single-photon signal requires huge amplification,
which renders the circuit vulnerable to saturation in
brighter light. The rod-to-cone circuit is thought to serve
twilight, which is bright enough that over one second a
rod tranduces tens to hundreds of photons. This multi- Two Rod Pathways to Ganglion Cells
photon signal can thus “piggyback” onto the cone bipo-
lar circuit (Smith et al., 1986). will certainly trigger a search for the anatomical sub-

Now, Soucy and colleagues (1998) in the September strate. The diagram suggests a cone bipolar cell that
issue of Neuron have used diphtheria toxin controlled

also collects from rods, as reported briefly for gray squir-
by a cone-selective promoter to produce a coneless

rel (West, 1978). Such a connection might explain how
mouse. The retina, except for the absence of cones and

a human “achromat,” born essentially coneless, never-
cone-driven responses, looks essentially normal. Bipo-

theless possesses a functional multi-photon rod path-
lar cells that normally collect from cones remain intact,

way (Stockman et al., 1995).
which is somewhat surprising, because neurons com-

The present results do not contradict the standard
monly degenerate when deprived of their primary input.

version of the “twilight circuit” that routes the multi-
But most surprising is that the multi-photon rod signal

photon rod signal via an electrical synapse to the cone.
still reaches ganglion cells. Since this signal cannot take

This signal, identified by its rod action spectrum and
the expected route, from rod via gap junctions to cone,

time course, is recorded in cat and monkey directly from
the rod must excite an unknown type of bipolar cell.

cones (Nelson, 1977; Schneeweis and Schnapf, 1995).
The simplest experiment conceptually would have

Furthermore, since 20 rods couple to each cone, this
been to monitor the output of many bipolar cells, one

twilight signal would represent thousands of photons,
at a time, by intracellular recording. This is technically

comparable to what the cone itself supplies in daylight
difficult and extremely tedious. But bipolar cells excite

(Smith et al., 1986). Finally, where a synaptic terminal
ganglion cells, many of whose individual spike trains

transmits a multi-photon response via a chemical syn-
can be recorded simultaneously in a multi-electrode dish

apse, it tends first to average the signal by coupling to
(Meister et al., 1994). So, the experiment actually moni-

neighbors (Sterling, 1998). This coupling is true for cones
tored ganglion cells and blocked the single-photon cir-

in mammals, but in cat and primate it is not the case
cuit through the rod bipolar cell with the agonist APB,

for rods (Raviola and Gilula, 1973; Kolb, 1977; Smith et
which also blocks ON cone bipolar cells (Slaughter and

al., 1986). Thus, if rods in normal mouse do transmit a
Miller, 1981; Müller et al., 1988). With these circuits

multi-photon signal to the OFF bipolar cell, they should
blocked, the multi-photon rod stimulus excited OFF gan-

also form gap junctions with other rods.
glion cells. In a coneless retina, this implies a synapse
from rod to OFF cone bipolar cells (see figure, indicated

Peter Sterling
in red).
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In a normal retina, similarly blocked, the multi-photon
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rod response was also present in OFF ganglion cells.
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In this case, the electrical pathway could not be ruled
out. However, the responses in coneless and normal Selected Reading
were virtually identical in amplitude and time course,
which would be surprising if their circuits differed. This Kolb, H. (1977). J. Neurocytol. 6, 131–153.
functional evidence that a normal mouse retina trans- Meister, M., Pine, J., and Baylor, D.A. (1994). J. Neurosci. Methods

51, 95–106.mits a multi-photon rod signal via an OFF bipolar cell
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Müller, F., Wässle, H., and Voigt, T. (1988). J. Neurophysiol. 59, than one type of capsaicin receptor. To emphasize the
1657–1672. possible heterogeneity of receptors that interact with
Nelson, R. (1977). J. Comp. Neurol. 172, 109–136. capsaicin, the term vallinoid receptor was coined (Szal-
Raviola, E., and Gilula, N.B. (1973). Proc. Natl. Acad. Sci. USA 70, lasi, 1994).
1677–1681. Despite the enormous interest surrounding capsaicin,
Schneeweis, D.M., and Schnapf, J.L. (1995). Science 268, 1053– it was not until 1997 that a capsaicin receptor was
1056.

cloned. In this groundbreaking work, Julius and his col-
Slaughter, M.M., and Miller, R.F. (1981). Science 211, 182–184. leagues expression cloned the capsaicin receptor (Ca-
Smith, R.G., Freed, M.A., and Sterling, P. (1986). J. Neurosci. 6, terina et al., 1997), which they named the vallinoid recep-
3505–3517.

tor 1 (VR1), predicting as the name implies several more
Soucy, E., Wang, Y., Nirenberg, S., Nathans, J., and Meister, M.

as yet undescribed receptor genes. This receptor was(1998). Neuron 21, 481–493.
a nonselective cation channel that is structurally relatedSterling, P. (1998). In The Synaptic Organization of the Brain, Fourth
to members of the transient receptor potential family ofEdition, G.M. Shepherd, ed. (New York: Oxford University Press),
ion channels. Capsaicin and heat in the noxious rangepp. 205–253.
activated the VR1, although it was not clear whetherStockman, A., Sharpe, L.T., Rüther, K., and Nordby, K. (1995). Vis.

Neurosci. 12, 951–970. heat was activating the VR1 directly or through other
thermally sensitive molecules. This study also generatedWest, R.W. (1978). Vision Res. 18, 129–136.
a host of other questions regarding the endogenous
ligand for the VR1: its physiological function, which neu-
rons express the VR1 protein, and whether there are
other VRs in sensory neurons or other areas of the brain.

In a recent paper (Tominaga et al., 1998) in the Sep-Hot Peppers and Pain tember issue of Neuron, the combined efforts of the
Julius and Basbaum labs elegantly address several of
these important questions. Using excised membrane
patches, they show that heat gates VR1 directly andCapsaicin, the main pungent ingredient in hot chili pep-
that an increase in protons, at levels that occur at sitespers, has been used for centuries as a spice. Aside
of inflammation, infection, or ischemia, activates VR1 atfor its expanding culinary use, in the past 2 decades
room temperature. In light of this data, they propose acapsaicin has also provided remarkable insight not only
model that highlights the notion that vallinoids, heat,into the neurobiology of primary afferent nociceptors
and protons act in concert to regulate VR1 activity andbut also into new treatments for chronic pain.
that the effects of any one stimulus cannot be consid-The major reason that capsaicin has been so useful
ered in isolation. Thus, whether thermal or chemicalis its remarkable cellular specificity. Nearly all of the
stimuli will be important in activating VR1 in vivo willactions of capsaicin can be attributed to a single mecha-
likely vary with the site and degree of the injury. As annism—activation of a nonspecific cation channel in a
example, they suggest that whereas both temperaturepopulation of primary afferent sensory neurons known
and pH would be expected to play a role in VR1 activa-as C fibers, 80% of which are polymodal nociceptors.
tion in skin, in areas such as the viscera where tempera-Polymodal nociceptors are activated by noxious ther-
ture is more constant, pH and not temperature will playmal, mechanical, or chemical stimuli and as such are
a more important role in VR1 activation. The authorsthought to be intimately involved in the generation and
then go on to suggest that VR1 functions as an integratormaintenance of chronic pain. The belief among many
of multiple pain-producing stimuli. What is particularlypain researchers is that insight into the cellular and mo-
exciting and intellectually satisfying about this work islecular mechanisms that underlie transducer functions
that it begins to unite the often disparate findings regard-in nociceptors will lead to an increased understanding
ing the actions of capsaicin and its analogs into a com-of the peripheral events involved in the generation and/
prehensible whole.or maintenance of chronic pain (Levine, 1998). This belief

This paper also addresses the types of sensory neu-is buttressed by the finding that repeated application of
rons that express the VR1 protein. In the past severalcapsaicin induces desensitization of nociceptors and
years, a hypothesis has emerged that suggests thatthat this treatment can ameliorate several chronic pain
polymodal nociceptors can be divided into at least twostates, including those arising from herpes zoster and
large groups (Hunt et al., 1993; Snider and McMahon,oral cancer (Maggi, 1992).
1998). One population contains peptides such as sub-To understand the action and cellular specificity of
stance P and calcitonin gene–related peptide, expressescapsaicin, a key question was to define whether capsa-
the trkA receptor, and is responsive to nerve growthicin interacted with one or more receptors and, if so,
factor (NGF); a second population is trkA negative andto determine the structure and normal function of this
does not contain peptides but can be identified fromreceptor. Numerous studies demonstrated that capsa-
their IB4 lectin binding sites and the expression of theicin and capsaicin analogs had a well-defined structure–
P2X3 receptor. The latter population of neurons losesactivity relationship. On the basis of these studies, the
its trkA receptors 3 weeks after birth but expresses retcompetitive antagonist of capsaicin known as capsa-
receptor components and responds to glial cell line–zepine was developed (Bevan et al., 1992), and resinifer-
derived neurotrophic factor (GDNF). It has also beenatoxin, a naturally occurring ultrapotent structural ana-
shown that these two populations of sensory neuronslog of capsaicin, was used to define a ligand binding
preferentially terminate in different parts of the spinalsite in sensory neurons (Szallasi, 1994). While this data
cord. Whereas the peptide/trkA fibers terminate in su-suggested that capsaicin did exert its actions via a re-

ceptor, additional data suggested that there was more perficial laminae of the dorsal horn, particularly laminae
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I and II outer, the IB4/ret population terminates deeper Why do pain researchers find this work so interesting?
The majority of therapies used today for the treatmentin a narrow band within lamina II inner in association

with a layer of neurons expressing high levels of protein of chronic pain (opiates, aspirin, and codeine) have been
utilized for over a century and have significant side ef-kinase C g (PKCg). A functional correlation has also been

made between the two types of sensory neurons. Loss fects, especially with long-term use. One of the most
promising avenues for discovering new molecules toof the PKCg gene using homologous recombination in

mice prevents the development of neuropathic pain fol- treat chronic pain is to understand the molecular and
cellular mechanisms that underlie transducer function inlowing partial nerve section (Malmberg et al., 1997),

while experimental inflammation of the hind paw in rats primary afferent nociceptors. The beauty of the present
work is that it begins to provide a cellular and molecularand mice results in an increased expression of sub-

stance P in the peptide/trkA neurons. This has led to the framework for understanding the vast and often provoc-
ative literature on the biological actions of capsaicin. Itsuggestion that chronic inflammatory pain is mediated

largely by the peptide/trkA-containing sensory neurons would be highly surprising if future work on capsaicin
and VR1 does not contribute significantly to our knowl-that terminate in superficial laminae, while neuropathic

pain resulting from peripheral nerve damage is mediated edge of sensory transducer function and ultimately to
the development of new therapies for treating persistentby the IB4/ret population that terminates in the deeper

regions of lamina II (Snider and McMahon, 1998). pain.
To determine which sensory neurons express the VR1

protein, antibodies were generated to the predicted car-
Patrick W. Mantyh* and Stephen P. Hunt†boxyl terminus of VR1, and an immunohistochemical
*NeuroSystems Labanalysis was performed. The results are surprising.
University of MinnesotaStaining of the sensory ganglion revealed that about
Minneapolis, Minnesota 5545580% of both IB4/ret- and peptide/trkA-containing sen-
†Department of Anatomy and Developmental Biologysory neurons express VR1 protein-like immunoreactiv-
Medawar Buildingity. In other words, there appears to be a small but
University College Londonsubstantial population of sensory neurons that do not
Gower Streetexpress the VR1 but which previously have been shown
London WC1E 6BTto be sensitive to capsaicin. This data, along with bind-
United Kingdoming studies with tritiated resiniferatoxin, suggests that

there are additional vanilloid receptors.
The immunohistochemical analysis also revealed an

Selected Reading
unexpected heterogeneity in the IB4/ret population of
sensory neurons that terminates in the inner portion of Bevan, S., Hothi, S., Hughes, G., James, I.F., Rang, H.P., Shah, K.,

and Walpole, C.S.J. (1992). Br. J. Pharmacol. 107, 5444–5552.lamina II. It has previously been shown that the medial
and lateral regions of the dorsal horn of the spinal cord Caterina, M.J., Schumacher, M.A., Tominaga, M., Rosen, T.A., Le-

vine, J.D., and Julius, D. (1997). Nature 389, 816–824.represent distal and proximal parts of the hindlimb, re-
Devor, M., and Claman, D. (1980). Brain Res. 190, 17–28.spectively (Devor and Claman, 1980). What is unique in

the present report is that whereas the IB4/ret population Dray, A., and Rang, H. (1998). Trends Neurosci. 21, 315–317.

that terminates in the medial aspect of lamina II inner Hunt, S.P., Mantyh, P.W., and Priestly, J.V. (1993). In Sensory Neu-
rons: Diversity, Development, and Plasticity, S.A. Scott, ed. (Newshows colocalization with VR1, the IB4/ret population
York: Oxford University Press), pp. 60–76.that terminates in the lateral aspect of lamina II inner
Maggi, C.A. (1992). Life Sci. 51, 1777–1781.shows virtually no colocalization with VR1. This data
Malmberg, A.B., Chen, C., Tonegawa, S., and Basbaum, A.I. (1997).suggests that either the IB4/ret populations which inner-
Science 278, 279–283.vate the distal aspects of a limb express the VR1,
Levine, J.D. (1998). Neuron 20, 649–654.whereas those that express the proximal aspect of the
Snider, W.D., and McMahon, S.B. (1998). Neuron 20, 629–632.limb do not, or that there is differential transport of the
Szallasi, A. (1994). Gen. Pharmacol. 25, 223–243.VR1 receptor protein to the spinal cord in these two
Tominaga, M., Caterina, M.J., Malmberg, A.B., Rosen, T.A., Gilbert,populations of sensory neurons. There is a precedent
H., Skinner, K., Raumann, B.E., Basbaum, A.I., and Julius, D. (1998).for differential transport of a receptor in primary affer-
Neuron 21, 531–543.ents: the neuropeptide Y Y1 receptor that is expressed
Zhang, X., Bao, L., Xu, Z.Q., Kopp, J., Arvidsson, U., Elde, R., andin sensory neurons is found in the cell bodies but rarely
Hokfelt, T. (1994). Proc. Natl. Acad. Sci. USA 91, 11738–11742.in the axons that terminate in the spinal cord (Zhang et

al., 1994). Also, Robert Elde’s lab has suggested that
the synthesis and trafficking of a receptor and neuro-
transmitter can be coregulated in sensory neurons.
Thus, disruption of the preprotachykinin gene inhibits

Modulation by Social Contextthe translation of d opiate receptor—a protein normally
coexisting in the same synaptic vesicles as substance Sheds New Light on Mechanisms
P (Dray and Rang, 1998). Thus, the expression of VR1 of Vocal Productioncould potentially be regulated at the transcriptional,
translational, or axoplasmic transport level. Differen-
tial regulation of transport would result in modified ter-

Molecular tools are used increasingly to probe aspectsminal sensitivity within discrete populations of sensory
neurons. of nervous system function. In many cases, such studies
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Schematic of ZENK Expression Patterns dur-
ing Production of the Same Song in Two Dif-
ferent Social Contexts

High levels of ZENK expression (shown in red)
are observed in RA as well as area X and
lMAN of the “indirect” anterior pathway when
male zebra finches sing alone or in the pres-
ence of other males (“undirected” song).
Singing in the presence of a female (“di-
rected” song) does not induce ZENK expres-
sion in these nuclei. The forebrain nucleus
HVc, also known as high vocal center, shows
high levels of ZENK expression during both
directed and undirected song. Expression
patterns in the thalamic nucleus DLM do not
appear to be correlated with singing.

are performed without a solid understanding of the be- (avian vocal organ) and various respiratory muscles
(Margoliash, 1997; Suthers, 1997), the functional signifi-havioral relevance of the specific molecules, synapses,
cance of the anterior pathway is less well understood.or circuits under investigation. The potential danger of
Previously thought to be involved exclusively during theignoring behavioral context is that the significance of
phase of song acquisition in juvenile birds, recent stud-certain results may go unnoticed. Given the sometimes
ies now implicate the anterior pathway in song mainte-subtle variations of an animal’s behavioral repertoire,
nance in adult birds as well (Doupe and Solis, 1997).relating specific molecular or physiological events to
The recent findings by Jarvis et al. (1998) suggest thatthe correct behavioral context may be difficult unless
this pathway may also play an important role in modulat-a detailed understanding and analysis of the animal’s
ing song motor output within the behavioral, or social,behavior is performed. This point is nicely illustrated by
context in which song is produced.Jarvis et al. (1998) in this issue of Neuron. Studying

By carefully monitoring different song types and con-song production in zebra finches, they combine careful
trolling for the overall number of songs produced withinbehavioral analysis with gene expression to show that
a given experimental period, expression of the immedi-a remarkably subtle variation in behavior (whether the
ate early-gene ZENK, as shown by in situ hybridization,bird sings alone or toward a female) can lead to striking
is shown to increase 10- to 40-fold in most nuclei of thedifferences in gene expression.
song system during undirected song. Remarkably, withThe male zebra finch only produces one song, which
the notable exception of nucleus HVc, these nuclei showconsists of a variable number of introductory notes fol-
little or no expression during directed song (see figure).

lowed by several repetitions of a stereotyped sequence
Because ZENK is though to be an indicator of neural

of syllables. The song is produced when the bird is activation (Chaudhuri, 1997), these results suggest that
alone (“undirected” song) or in the presence of a female activity patterns in RA and the anterior pathway differ
(“directed” song), and, although containing the same considerably depending on the context in which singing
song elements, directed song is often delivered slightly occurs. The authors conclude that the differences in
faster, contains a few more introductory notes, and is ZENK expression are likely caused by singing-related
accompanied by a courtship dance. The structure of motor activity, since expression patterns are similar to
each song type, however, is nearly indistinguishable, those observed in deafened birds. Because of the recent
even when viewed on a sound spectrograph. The brain findings, however, that auditory flow into the song sys-
structures responsible for the production of these differ- tem may be dependent on behavioral context (Schmidt
ent song types are organized as an interconnected net- and Konishi, 1998), the possibility nevertheless remains
work of nuclei known collectively as the song system. that differential “gating” of auditory feedback signals
This system can roughly be divided into a “direct” vocal may contribute to the different patterns of ZENK ex-
motor pathway, referred to by Jarvis et al. (1998) as pression.
the posterior pathway, and an “indirect” vocal pathway While the differential expression of ZENK during di-
known as the anterior pathway (see figure). Whereas the rected and undirected singing provides new insight into
posterior pathway is known to be hierarchically orga- the control of vocal production, the behavioral signifi-

cance of these different context-dependent song types,nized and conveys song motor commands to the syrinx
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as well as why brain areas are differentially activated song system is likely to yield important insights into
during these behaviors, is not clear. One possibility is the mechanisms underlying the differences observed
that the differential activation of the anterior pathway between directed and undirected singing. More gener-
during undirected and directed song may serve to coor- ally, important mechanistic insight into the functioning
dinate other motor behaviors that are generally associ- of the song system is likely to emerge from a deeper
ated with these different song types. For example, when understanding of the mammalian cortical–basal ganglia
the male directs his song to a female, the anterior path- pathway and its role in motor control and function, while,
way may well be optimized to coordinate, or bind, song conversely, work on the mammalian basal ganglia will
motor activity with other motor behaviors such as the likely benefit from a deeper understanding of the song
courtship dance, which is only observed during directed system.
singing.

The use of immediate-early genes, such as ZENK, as
Marc F. Schmidt

markers for neural activity, provides a powerful tool that
Division of Biologycan be used in identifying new ways in which neural
California Institute of Technologycircuits may be organized. As the authors point out,
Pasadena, California 91125however, interpreting the relationship between ZENK

expression and neural activity should be done cau-
Selected Readingtiously. A case in point is the pattern of ZENK expression

observed in nucleus RA. This structure, which forms
Bottjer, S.W., and Johnson, F. (1997). J. Neurobiol. 33, 602–618.part of the direct motor pathway, is known to be active
Chaudhuri, A. (1997). Neuroreport 8, iii–viii.during singing (Margoliash et al., 1997), exhibits high
Doupe, A.J., and Solis, M.M. (1997). J. Neurobiol. 33, 694–709.levels of c-fos expression (Kimpo and Doupe, 1997), and
Graybiel, A.M., Aosaki, T., Flaherty, A.W., and Kimura, M. (1994).yet expresses relatively low levels of ZENK. Clearly, the
Science 265, 1826–1831.findings by Jarvis et al. (1998) set the stage for a detailed
Jarvis, E.D., Scharff, C., Grossman, M.R., Ramos, J.A., and Notte-characterization of this phenomenon at the electrophys-
bohm, F. (1998). Neuron 21, this issue, 775–788.iological level. Although technically challenging, record-
Kawagoe, R., Takikawa, Y., and Hikosaka, O. (1998). Nat. Neurosci.ing neural activity in birds singing under different behav-
1, 411–416.ioral contexts is now an active area of research and
Kimpo, R.R., and Doupe, A.J. (1997). Neuron 18, 315–325.promises to yield exciting new findings.
Luo, M., and Perkel, D.J. (1998). J. Comp. Neurol., in press.Increasing anatomical and neurochemical evidence
Margoliash, D. (1997). J. Neurobiol. 33, 671–693.(Bottjer and Johnson, 1997; Luo and Perkel, 1998; Jarvis
Schmidt, M.F., and Konishi, M. (1998). Nat. Neurosci. 1, 513–518.et al., 1998) suggests that there are significant parallels
Suthers, R.A. (1997). J. Neurobiol. 33, 632–652.between the anterior song control pathway (HVc → area

X → DLM → lMAN) and the mammalian cortical–basal
ganglia pathway (cerebral cortex → basal ganglia →
thalamus → cortex). There are functional parallels as
well: the basal ganglia, in addition to being involved in
motor execution, are also thought to be involved in mo- Strange Bedfellows?
tor learning, in sensorimotor integration, and in the con-

Protein Degradationtrol of motor acts that require motivational or cognitive
drive (Graybiel et al., 1994). Of specific interest in the and Neurological Dysfunction
context of the results obtained by Jarvis et al. (1998) is
the finding that “motor” neural activity in striatum (to
which area X may be homologous) can be modulated by

Angelman syndrome (AS) is a severe neurological disor-behavioral context. A striking example of such context-
der characterized by seizures, ataxia, and cognitive dys-dependent neural activation can be shown in striatal
function. AS occurs in z1 of every 15,000 births andinput neurons during a memory-guided saccade task
appears to arise from the functional loss of a maternally(Kawagoe et al., 1998). By combining saccade tasks
expressed imprinted gene or genes. The majority ofwith a differential reward schedule, the authors show
cases are attributable to a chromosomal deletion on thethat firing patterns that are normally predictive for a
maternally inherited chromosome 15 (see figure). Lossgiven spatial location can become significantly de-
of the functional maternal allele in AS also occurs bypressed depending on whether that saccade target is,
paternal uniparental disomy (UPD), in which two copiesor is not, paired with a reward. Thus, although the motor
of chromosome 15 are inherited from the father, by de-act, the saccade, is identical in both cases, pairing a
fects in the imprinting process (Nicholls et al., 1998),motor act with a reward (a motivational, or emotional,
and it recently has been shown to arise from gene muta-drive) can completely alter neural responses within the
tion of the maternally inherited allele of UBE3A, an E3striatum.
ubiquitin ligase (see figure; Malzac et al., 1998). TheAs in the mammalian striatum, area X is strongly inner-
paper by Jiang et al. (1998) in this issue of Neuron con-vated by midbrain dopaminergic areas (Bottjer and
firms the importance of UBE3A in AS, by demonstratingJohnson, 1995). These inputs in mammals are thought
in a mouse model that a mutation in the maternal alleleto convey reward-related and behavioral context–depen-
of Ube3a is sufficient for an AS-like phenotype. Thisdent information to the striatum (Graybiel et al., 1994).
result raises the interesting question of why a mutationGiven the similarities between the two systems, a de-

tailed characterization of dopaminergic inputs into the in a gene involved in a general cellular process such
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apparently normal neuroanatomy, even in cerebellar
Purkinje cells and hippocampal neurons, the cell types
showing brain-specific imprinting of Ube3a (Jiang et al.,
1998).

Is AS caused solely by UBE3A deficiency? From hu-
man (Williams et al., 1995; Malzac et al., 1998) and mouse
(Jiang et al., 1998) studies, it is clear that mutations in
this gene lead to most of the typical neurobehavioral
features of AS, including ataxia, seizures, and severe
mental retardation, albeit to a lesser degree in the mouse
then in humans. However, several human studies sug-
gest more severe and frequent seizures, ataxia, and
lower cognitive function in AS patients with maternal
deletions than in AS patients with UPD, imprinting de-
fects, or UBE3A mutations (Williams et al., 1995; Minas-
sian et al., 1998). Consequently, it has been suggested
that nonimprinted genes deleted in AS may contribute to
the phenotype, and that the GABAA receptor b3 subunitMolecular Basis of Angelman Syndrome
(GABRB3) gene (see figure), in particular, may contributeA 4 Mb deletion of the maternally inherited (M, red) chromosome
to the seizure phenotype in AS (DeLorey et al., 1998;15, at cytogenetic bands 15q11–q13, occurs in z70% of AS patients

(a), whereas inactivating mutations (X) of the maternal UBE3A allele Minassian et al., 1998). Since the same chromosomal
occur in z5% of cases (b). The latter are equivalent to the Ube3a- region is deleted on the paternal chromosome in Prader-
deficient mice (m2/p1) generated by Jiang et al. (1998 [this issue Willi syndrome, and these patients do not have seizures
of Neuron]). Allelic expression of key genes discussed in the text or other AS features (Nicholls et al., 1998), simple dele-
are shown by arrows. P, paternally inherited chromosome (blue).

tion of one GABRB3 allele is unlikely to explain seizures
in AS. However, homozygous null Gabrb3 mice that sur-

as ubiquitin-mediated protein degradation should have vive cleft palate in the newborn period show phenotypic
such specific neurological consequences; these mutant similarities to AS (DeLorey et al., 1998), including EEG
mice may in fact be just the tools to address this

abnormalities, seizures, learning and memory deficits,
question.

hyperactivity, and a disturbed rest–activity cycle (the
Many aspects of cellular function require regulatory

latter not yet tested in Ube3a-deficient mice). Therefore,protein turnover, and the process of ubiquitin-mediated
if there is a role for anomalous GABAA neurotransmissionprotein degradation by the 26S proteasome is a key
in AS, this would have to involve a threshold effect withcomponent of this regulation (Hochstrasser, 1995; John-
a concomitant reduction in GABRB3 gene expressionson and Hochstrasser, 1997). The ubiquitin ligases are
accompanying loss of maternally inherited UBE3A func-thought to present ubiquitinated substrate proteins
tion. Studies of Ube3a (m2/p1) (Jiang et al., 1998) andbound for degradation to the proteasome complex. The
hemizygous (2/1) Gabrb3 (DeLorey et al., 1998) mutantcellular function of UBE3A is unknown, despite its initial
mice, as well as comparison to AS mouse models withidentification as E6-associated protein (E6-AP), a cel-
large chromosomal deletions, may allow determinationlular protein required for the degradation of p53. p53
of whether severe seizures or other phenotypic featureshas major roles in control of the cell cycle and apoptosis
in AS require Gabrb3 or any other Ube3a-linked gene.and turns over rapidly in normal cells. With the genera-

UBE3A’s involvement in protein degradation raisestion of mice deficient in Ube3a, Jiang et al. (1998) now
a number of questions. For instance, although UBE3Aprovide critical results and reagents for the definition
clearly targets specific ubiquinated ligands to the pro-of the molecular role of UBE3A, and perhaps p53, in
teasome protein degradation pathway, might it also playneuronal function, particularly in the cerebellum and hip-
a role in ubiquitin-like protein trafficking pathwayspocampus.
(Johnson and Hochstrasser, 1997)? Does stabilizationHuman genetics of AS predicts that UBE3A is imprinted
of cytoplasmic p53 play a role in the cellular basis of AS?and only the maternal allele is expressed (Nicholls et
Although p53 is required for some but not all neuronalal., 1998). Indeed, in the mice, paternal transmission
apoptosis pathways (Sadoul et al., 1996), it is not clear(p2/m1) of the mutant Ube3a allele is phenotypically
what function, if any, p53 may have in postmitotic neu-silent, whereas maternal deficiency (m2/p1) represents
rons. It does appear to play a role in seizure-induceda genetic model of AS and generates mice that, while
brain injury, and loss of p53 protects neurons from ex-viable and fertile, have a characteristic phenotype con-
citotoxin treatment (Sakhi et al., 1994; Xiang et al., 1996).sistent with AS. This includes fine motor skill and coor-
Therefore, analysis of seizure susceptibility and neu-dination deficits, abnormal electrencephalogram (EEG)
ronal phenotype of mice deficient in both Ube3a (Jiangrecordings and inducible seizures, an impairment of hip-
et al., 1998) and p53 function (Williams et al., 1994) maypocampal long-term synaptic potentiation (LTP), and
be particularly instructive as to the role of p53 in theabnormally high cytoplasmic p53 levels in postmitotic
nervous system and as to whether overproduction ofneurons (Jiang et al., 1998). The LTP results correlate
the p53 protein plays a role in the neuropathogenesiswith a defect in context-dependent learning in these
of AS.mice, which is suggested to be analogous to the severe

In conclusion, the development of specific mousecognitive impairment in AS (Jiang et al., 1988). Interest-
ingly, the defects in Ube3a (m2/p1) mice occur despite models of AS, particularly the Ube3a (m2/p1) knockout
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mutation (Jiang et al., 1998), will be critical for determin- the mid-1980s. At that time, plasticity had been charac-
terized at only a handful of mammalian synapses—mosting the biochemical and physiological pathways within

the cerebellum and hippocampus for protein turnover notably, long-term potentiation (LTP) at synapses in the
hippocampus and long-term depression (LTD) at themediated by the Ube3a E3 ubiquitin ligase. Ultimately,

the hope is that AS animal models will allow investigation granule to Purkinje synapses in the cerebellar cortex
(see Bliss and Collingridge, 1993; Linden and Conner,of potential therapeutic approaches toward ameliora-

tion of neurological and behavioral deficits in Angelman 1995). As such, it seemed most thinking was influenced
by the tacit assumption that learning is mediated bysyndrome.
activity-dependent plasticity at select excitatory syn-
apses.Robert D. Nicholls

The article by Aizenman et al. (1998 [this issue ofDepartment of Genetics
Neuron]) represents another groundbreaking step awayCase Western Reserve University School of Medicine
from this relatively narrow point of view. This group hasand Center for Human Genetics
used a cerebellar slice preparation to demonstrate, withUniversity Hospitals of Cleveland
clear and careful experiments, both LTP and LTD atCleveland, Ohio 44106
an inhibitory synapse—namely, the GABAergic Purkinje
cell synapses onto cells in a cerebellar nucleus (see alsoSelected Reading

Morishita and Sastry, 1996). This finding is exciting, even
DeLorey, T.M., Handforth, A., Anagnostaras, S.G., Homanics, G.E., simply from the standpoint of adding to the list of syn-
Minassian, B.A., Asatourian, A., Fanselow, M.S., Delgado-Escueta, apses that we know can undergo activity-dependent
A., Ellison, G.D., and Olsen, R.W. (1998). J. Neurosci., in press.

plasticity. However, there are features of this plasticity
Hochstrasser, M. (1995). Curr. Opin. Cell Biol. 7, 215–223.

that make it especially interesting and thought pro-
Jiang, Y.-H., Armstrong, D., Albrecht, U., Atkins, C.M., Noebels, J.L.,

voking.Eichele, G., Sweatt, J.D., and Beaudet, A.L. (1998). Neuron 21, this
One the most important things to understand aboutissue, 799–811.

a form of plasticity is the rule that governs the inductionJohnson, P.R., and Hochstrasser, M. (1997), Trends Cell Biol. 7,
of changes. For example, interest in LTP at synapses408–413.
in the CA1 region of the hippocampus seemed to accel-Malzac, P., Webber, H., Moncla, A., Graham, J.M., Kukolich, M.,
erate with the discovery of the involvement of NMDAWilliams, C., Pagon, R.A., Ramsdell, L.A., Kishino, T., and Wagstaff,

J. (1998). Am. J. Hum. Genet. 62, 1353–1360. receptors (Bliss and Collingridge, 1993). The voltage
Minassian, B.A., DeLorey, T.M., Olsen, R.W., Philippart, M., and ligand dependence of NMDA receptors provided
Bronstein, Y., Zhang, Q., Guerrini, R., Van Ness, P., Livet, M.O., and a possible detector of coincident postsynaptic activity
Delgado-Escueta, A. (1998). Ann. Neurol. 43, 485–493. (depolarization) and synapse activity (ligand). Subse-
Nicholls, R.D., Saitoh, S., and Horsthemke, B. (1998). Trends Genet. quent studies showed that both LTP and LTD at these
14, 194–200. synapses are triggered by increases in intracellular free
Sadoul, R., Quiquerez, A.-L., Martinou, I., Fernandez, P.A., and Mar- calcium, via NMDA receptor activation (Bear and Ma-
tinou, J.-C. (1996). J. Neurosci. Res. 43, 594–601.

lenka, 1994). Although others have argued to the con-
Sakhi, S., Bruce, A., Sun, N., Tocco, G., Baudry, M., and Schreiber,

trary (Neveu and Zucker, 1996), it appears that smallS.S. (1994). Proc. Natl. Acad. Sci. USA 91, 7525–7529.
increases in calcium lead to the induction of LTD at

Williams, B.O., Remington. L., Albert. D.M., Mukai. S., Bronson, R.T.,
active synapses, whereas larger increases induce LTP.and Jacks, T. (1994). Nat. Genet. 7, 480–484.
Thus, through the work of many labs, a Hebbian synapseWilliams, C.A., Zori, R.T., Hendrickson, J., Stalker, H., Marum, T.,
was characterized—that is, a synapse where postsynap-Whidden, E., and Driscoll, D.J. (1995). Curr. Prob. Pediat. 25,
tic activity is the signal that controls the induction of216–231.
plasticity and its polarity (i.e., LTP versus LTD). TheXiang, H., Hochman, D.W., Saya, H., Fujiwara, T., Schwartzkroin,

P.A., and Morrison, R.S. (1996). J. Neurosci. 16, 6753–6765. significance of this accomplishment is considerable.
Knowing something about the signals that control plas-
ticity has broad implications that reach all the way to
models of learning in networks.

Amazingly, Aizenman et al. (1998) have characterized
the signals that govern bidirectional plasticity at Pur-More than Just Another
kinje-to-nucleus synapses (Pkj→nuc) in a single set ofModifiable Synapse studies. Like virtually all known (perhaps all) forms of
plasticity at excitatory synapses in mammals, plasticity
at the inhibitory Pkj→nuc synapses appears to depend“What’s the point, aren’t all synapses in the brain
on levels of intracellular free calcium. The evidence sug-plastic?”
gests that, like certain synapses in the hippocampus,
large increases in postsynaptic calcium promote the

This quote paraphrases the response of a graduate induction of LTP at these synapses, whereas smaller
school colleague, when I explained that my work in- increases promote the induction of LTD.
volved trying to find the synapses in the brain that What makes this story really interesting is the source
change during a particular form of learning. He argued of the calcium influx into the postsynaptic cells in the
that even if learning modified certain synapses, these cerebellar nuclei. How can there be an activity-depen-
changes might cascade through the network to other dent signal related to inhibitory inputs? Inhibitory syn-

apses increase chloride conductances and generallysynapses. My colleague’s point of view was atypical for
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hyperpolarize cells. Moreover, chloride is too abundant whether the induction of this plasticity is related directly
to learning or plays a more homeostatic role. At firstinside of neurons for further influxes to serve as a sig-

nal, and hyperpolarization (or inhibitory depolarization) glance, however, it is not immediately clear how plastic-
ity at Pkj→nuc synapses, as controlled by postsynapticseems to preclude the activation of standard voltage-

sensitive calcium channels. spiking, can contribute directly to motor learning. Evi-
dence suggests that transient decreases in Purkinje ac-The answer, it seems, is a collection of conductances

in the nucleus cells that produce an increase in cal- tivity would contribute to the expression of a condi-
tioned eyelid response or to a large gain vestibulo-ocularcium during transient decreases in Purkinje input. Cere-

bellar nucleus cells show a characteristic rebound reflex—two cerebellar-dependent forms of motor learn-
ing (Raymond et al., 1996; Mauk and Donegan, 1997).depolarization, apparently mediated by low-threshold,

voltage-sensitive calcium channels, the activation of However, if these decreases in Purkinje activity induce
LTP at Pkj→nuc synapses, it would seem that the corre-which requires release from hyperpolarization (Llinas

and Muhlethaler, 1988). Depending on conditions, this sponding increase in inhibitory input to the nucleus cells
would work against the expression of the eyelid re-rebound depolarization can be accompanied by bursts

of action potentials. Aizenman et al. (1998) show that sponse or vestibulo-ocular reflex. Of course, this may
not make sense only because there is more to learnthese bursts are associated with increases in intracellu-

lar free calcium, apparently mediated by high-threshold, about how the cerebellum learns and expresses these
responses. If so, then indeed the characterization ofvoltage-sensitive calcium channels. Moreover, strong

bursts of spikes, and the associated large increase in plasticity at Pkj→nuc synapses will aid in the refining
models of cerebellar motor learning.calcium, lead to the induction of LTP at the Pkj→nuc

synapses. In contrast, activating the rebound depolar- It is, however, this intrinsic negative feedback prop-
erty of plasticity at Pkj→nuc synapses that suggests onization under conditions that produce a relatively weaker

burst of spikes leads to the induction of LTD at the same first principles a possible role in homeostatic regulation
of spiking activity in nucleus cells. Essentially, the sig-synapses. The authors hypothesize that LTP may occur

when a rebound depolarization is accompanied by a nals that control this plasticity dictate that robust spiking
in nucleus cells leads to increased inhibition and thenburst of spikes, which back-propagate to the dendrites

and activate high-threshold, voltage-sensitive calcium presumably a decrease in spiking. This self-correcting
property, which is in stark contrast to LTP and LTD atchannels. In contrast, a rebound depolarization accom-

panied by just a few spikes leads to only a small increase excitatory synapses, is ideally suited to keep the aver-
age activity of the nucleus cell in a useful place in itsin intracellular calcium, mostly via the low-threshold cal-

cium channels, and to the induction of LTD. dynamic range. Indeed, Marder, Turrigiano, Abbott, and
their colleagues have demonstrated, both empiricallyCombined with what is known about the behavior of

Purkinje cells, these observations provide interesting and computationally, the existence and utility of such
mechanisms (see LeMasson et al., 1993; Turrigiano ethints about the signals that control plasticity at cerebel-

lar nucleus synapses. Recordings in vivo have shown al., 1994).
Regardless of the outcomes for these interesting is-that Purkinje cells fire at fairly high ongoing rates. A

transient pause in this ongoing activity would be the sues, the discovery and characterization of bidirectional
plasticity at Pkj→nuc synapses will improve our under-kind of input that could evoke a rebound depolarization

and thereby potentially induce plasticity at nucleus syn- standing of the neural basis of behavior in general and
of the cerebellar mechanisms of motor learning in partic-apses. The work by Aizenman et al. (1998) suggests

that when these pauses produce strong bursts of action ular. Although it remains to be seen whether all synapses
in the brain are plastic, as my colleague suggested,potentials in the postsynaptic nucleus cells, LTP can be

induced at the Pkj→nuc synapses. Thus, there seems Aizeman et al. (1998) have added a particularly interest-
ing example to the list.to be little doubt that the signals that control plasticity

at Pkj→nuc synapses actually occur in vivo, an issue
that remains unresolved for many other forms of plastic- Michael D. Mauk
ity. The questions are, when do these signals occur and Department of Neurobiology and Anatomy and
what is the function of the corresponding plasticity at Keck Center for the Neurobiology of Learning
Pkj→nuc synapses? and Memory

Aizenman et al. (1998) address two possible general University of Texas Medical School
roles for bidirectional plasticity at Pkj→nuc synapses. Houston, Texas 77030
One is a contribution to cerebellar-mediated motor
learning. The second is a homeostatic mechanism that

Selected Readinghelps maintain proper excitability of nucleus cells to
keep their activity within a useful dynamic range. These Bear, M.F., and Malenka, R.C. (1994). Curr. Opin. Neurobiol. 4,
roles are not mutually exclusive and neither is supported 389–399.
nor contradicted by current data. So, although any Bliss, T.V.P., and Collingridge, G.L. (1993). Nature 361, 31–39.
guesses are strictly speculative, the clear characteriza- LeMasson, G., Marder, E., and Abbott, L.F. (1993). Science 259,
tion of the signals that control plasticity at Pkj→nuc 1915–1917.
synapses at least makes speculation possible. Linden, D.J., and Connor, J.A. (1995). Annu. Rev. Neurosci. 18,

Aizenman et al. (1998) point out that plasticity at 319–357.
Pkj→nuc synapses will be of great importance for refin- Llinas, R., and Muhlethaler, M. (1988). J. Physiol. (Lond.) 404,

241–258.ing models of cerebellar motor learning. This will be true
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The Schwann Song
of the Glia-less Synapse

Schwann Cells Ensheath the Synaptic Terminal at the Frog Neuro-
muscular Junction

Upon stimulation, synaptic vesicles fuse with the presynaptic mem-Although synapses throughout the brain are ensheathed
brane (1), move laterally along the presynaptic face (2), and areby glial cells, the possibility that glia play an active role
retrieved by endocytosis at the junction between the synaptic termi-in synaptic function has received remarkably little atten-
nal and the Schwann cell (3) (figure modified from Heuser and Reese,tion. Glia passively help to maintain synaptic function
1973).

by buffering ion concentrations, clearing released neu-
rotransmitters, and providing metabolic substrates to
synapses. But glia can also sense nearby neuronal activ- Schwann cell calcium response to synaptic activity. He
ity. They depolarize in response to neuronal activity (Ork- simultaneously recorded the nerve-evoked responses
and et al., 1966; Kelly and Van Essen, 1974), and in from the postsynaptic muscle fiber in the intact nerve–
hippocampal slices glia not only depolarize (Bergles and muscle preparation. Remarkably, activation of PSC G
Jahr, 1997; Lüsher et al., 1998) but also elevate their proteins with GTPgS reduced the evoked muscle re-
intracellular calcium levels in response to synaptic activ- sponse by nearly 60%, a reduction almost identical to
ity (Dani et al., 1992). These studies show that glia are the synaptic depression induced by high frequency
listening attentively to nearby synaptic conversations. stimulation. The decreased muscle response appeared

But do glia talk back to the neurons? An indication to be largely presynaptic. It was neither associated with
that they might comes from recent culture experiments. a change in amplitude and kinetics of miniature events
When purified CNS neurons were cultured in serum-free nor affected by postsynaptic manipulations. Rather, the
medium together with trophic peptides that promoted decreased muscle response resulted from a large de-
their survival and growth, they formed ultrastructurally crease in quantal content, the average number of vesi-
normal synapses upon each other but displayed little cles released in an evoked response. Consistent with
synaptic activity (Pfrieger and Barres, 1997). Addition these results, previous studies have suggested that syn-
of purified astrocytes, which normally ensheath these

aptic depression at the neuromuscular junction results
synapses in vivo, increased spontaneous synaptic activ-

from a depletion of synaptic vesicles in the presynaptic
ity more than 70-fold and increased action potential–

nerve terminal, leaving fewer vesicles available for sub-independent quantal release more than 10-fold. These
sequent release (Del Castillo and Katz, 1954; Zucker,studies showed that, at least in culture, developing neu-
1989).rons form inefficient synapses that require glial signals

These data were consistent with the possibility thatto become fully functional. Evidence that glia modulate
Schwann cells mediate synaptic depression. To test thissynaptic transmission in the animal, however, has been
possibility directly, Robitaille examined the effects ofmore difficult to come by.
inhibition of PSC G proteins by injecting GDPbS intoIn simple and elegant experiments, Robitaille (1998)
the PSCs. This led to a 50% diminution of synapticin this issue of Neuron has now provided convincing
depression induced by high frequency stimulation. More-evidence that glia really do modulate synaptic transmis-
over, when synapses were first depressed by injectingsion in a relatively intact tissue preparation. By taking
GTPgS, high frequency stimulation could induce littleadvantage of a classical synaptic preparation, the frog
further depression, as expected if the two effects wereneuromuscular junction, Robitaille was able to study the
mediated by the same mechanism. Taken together,role of glia in synaptic function at a single synapse.
Robitaille’s findings demonstrate that Schwann cellsPerisynaptic Schwann cells (PSCs) ensheath the neuro-
play a crucial role in either modulating or mediatingmuscular junction (see figure) and, just as astrocytes do
synaptic depression in response to high frequency stim-in the brain, sense and respond to high frequency nerve
ulation at the neuromuscular junction, showing for thestimulation by increasing their intracellular calcium lev-
first time that Schwann cells actively participate in syn-els (Jahromi et al., 1992). Because previous studies have
aptic function.shown that such high frequency stimulation also pro-

So how could Schwann cells reduce the number ofgressively diminishes the evoked synaptic response,
synaptic vesicles released? An intriguing possibility isRobitaille wondered whether the Schwann cells might
suggested by the work of Heuser and Reese (1973),actively mediate this form of synaptic depression. To
who observed that at the frog neuromuscular junction,test this possibility, Robitaille pharmacologically manip-

ulated the G proteins in the PSCs that mediate the retrieval of fused synaptic vesicles occurs at sites just
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adjacent to contacting Schwann cells (see figure). Could
stimulated Schwann cells signal the underlying terminal
to slow the endocytotic recovery of synaptic vesicles,
thereby regulating the size of the releasable vesicle
pool? Such a model would fit in nicely with the slow
endocytotic recovery rate of synaptic vesicles induced
by high frequency stimulation at the frog neuromuscular
junction (Wu and Betz, 1996). Whatever the mechanism,
the Robitaille paper makes it clear that glia are not just
listening to synaptic transmission but participating in
the conversation as well.

Erik M. Ullian and Ben A. Barres
Stanford University School of Medicine
Department of Neurobiology
Fairchild Science Building
Stanford, California 94305

Selected Reading

Bergles, D.E., and Jahr, C.E. (1997). Neuron 19, 1297–1308.

Dani, J.W., Chernjavsky, A., and Smith, S.J. (1992). Neuron 8,
429–440.

Del Castillo, J., and Katz, B. (1954). J. Physiol. 124, 574–585.

Heuser, J.E., and Reese, T.S. (1973). J. Cell Biol. 57, 315–344.

Jahromi, B.S., Robitaille, R., and Charlton, M.P. (1992). Neuron 8,
1069–1077.

Kelly, J.P., and Van Essen, D.C. (1974). J. Physiol. 238, 515–547.
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