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Long-Distance Neuronal Migration in the Adult
Mammalian Brain

Carlos Lois and Arturo Alvarez-Buylla

During the development of the mammalian brain, neuronal precursors migrate to their final
destination from their site of birth in the ventricular and subventricular zones (VZ and SVZ,
respectively). SVZ cells in the walls of the lateral ventricle continue to proliferate in the brain
of adult mice and can generate neurons in vitro, but their fate in vivo is unknown. Here SVZ
cells from adult mice that carry a neuronal-specific transgene were grafted into the brain
of adult recipients. In addition, the fate of endogenous SVZ cells was examined by
microinjection of tritiated thymidine or a vital dye that labeled a discrete population of SVZ
cells. Grafted and endogenous SVZ cells in the lateral ventricle of adult mice migrate long
distances and differentiate into neurons in the olfactory bulb.

During brain development, most neurons
are born in the VZ and SVZ. From these
proliferative regions, cells migrate to reach
their appropriate targets where they differ-
entiate into neurons. The generation, mi-
gration, and differentiation of neurons are
generally thought to end soon after birth
(1, 2). However, in adult birds in which
neurogenesis persists (3), precursor cells
that divide in the walls of the lateral ven-
tricles migrate to distant targets within the
forebrain before they differentiate into neu-
rons (4). Neurogenesis also continues in
the dentate gyrus of the hippocampus and
in the olfactory bulb of adult rodents (5). In
contrast to adult birds, newly generated
neurons in adult mammals are thought to
be derived from precursor cells that prolif-
erate close to their site of differentiation
instead of in the ventricle walls (5).

In mammals, proliferating cells persist
through adulthood in the SVZ of the lateral
ventricles (I, 6), and these proliferating
SVZ cells from the brain of adult mice can
generate neurons in vitro (7). These cells
are probably the epidermal growth factor—
responsive neuronal precursors recently iso-
lated from the brain of adult mice (8). The
fate of these neuronal precursors in vivo
remains unknown. Whereas earlier work
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suggested that SVZ cells in adult mammals
may differentiate into glial cells or neurons
(1, 6, 9), a recent study indicates that SVZ
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cells in adult mammals die soon after mito-
sis (10).

To investigate whether SVZ cells from
adult mice could differentiate into neurons
in vivo, we grafted SVZ cells from adult
transgenic mice that carry the reporter gene
B-galactosidase attached to the promoter of
the neuron-specific enolase (NSE) gene
(11). This transgene is only expressed in
differentiated neurons (11). SVZ explants
from transgenic animals were stereotaxic-
ally grafted into the lateral wall of the
lateral ventricle of adult immunocompati-
ble nontransgenic mice (Fig. 1) (12). An-
imals were killed 30 days after grafting, and
transplanted cells that differentiated into
neurons were detected by X-gal histochem-
istry (12). Cells that were X-gal-positive
(X-gal*) were detected only in the graft site
and the ipsilateral olfactory bulb (13). We
found no evidence of X-gal* cells in the

e = X-gal* cell

Fig. 1. Transplantation of transgenic SVZ cells close to the lateral ventricle of nontransgenic mice
(71). X-gal histochemistry produced a blue precipitate in the perinuclear cytoplasm of the NSEp
transgenic cells. Cell nuclei stained with Hoechst 33258 appear green. (A) Transgenic cells at the
site of transplantation (arrow). (B, C, and D) show X-gal* neurons in the olfactory bulb 30 days (d)
after transplantation. (B) X-gal* periglomerular neuron (arrow). (C and D) X-gal* neurons (arrows)
in the granule cell layer. Ob, olfactory bulb; Iv, lateral ventricle; st, striatum. Scale bars, 50 pm.
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corpus callosum, cortex, striatum, septum,
or hippocampus. In the olfactory bulb,
X-gal* neurons were found in the granule
cell layer and around glomeruli (Fig. 1) (14).
From the position of the X-gal™ cells in the
olfactory bulb, we infer that SVZ cells graft-
ed close to the lateral ventricle differentiated
into granule and periglomerular neurons.
The migration and differentiation of SVZ
cells after grafting are robust phenomena
(Fig. 1C). We counted the total number of
X-gal* cells in the olfactory bulbs of two of
the grafted animals and found 1971 X-gal*
cells; the ratio of X-gal* granule to peri-
glomerular neurons was 30:1. Thus, SVZ
cells from the brain of adult mice can mi-
grate 3 to 5 mm through the brain of adult
hosts and generate new neurons.

When SVZ explants from transgenic
animals were grafted into the caudate nu-
cleus lateral to the SVZ of nontransgenic
hosts, no X-gal™ cells were seen outside of
the transplantation site (12, 13). Similarly,
when parietal cortex explants from trans-
genic animals were grafted into the SVZ of
nontransgenic hosts, X-gal* cells were found
only at the site of transplantation (12, 13).
Under our conditions, the migration from
the wall of the lateral ventricle to the olfac-
tory bulb occurred only when cells from the
SVZ were grafted on the SVZ. Similar grafts
in neighboring regions did not result in the
migration of transplanted cells.

The migration of cells from the SVZ
that we observed after transplantation may
parallel the normal migration of their coun-
terparts in the host. To test this hypothesis,
we examined the fate of endogenous prolif-
erating SVZ cells in adult mice. We inject-
ed 10 nl of [*H|thymidine ([*H]T), a mark-
er of cell division, into the lateral wall of
the lateral ventricle (Fig. 2) (15). Six hours
after the microinjection, PH]T* cells were
restricted to a small patch of dividing SVZ
cells (Fig. 2A). Six hours or 1 day after
PH]T microinjection, no PH|T* cells were
detected in the olfactory bulb (Fig. 2D). As
survival time after injection increased,
[PH]T* cells were detected at progressively
more rostral locations in a stream of cells
extending from the lateral ventricle to the
olfactory bulb (Fig. 2, C, D, and E and Fig.
3). Two days after microinjection, some
BH]T™ cells were found in the core of the
olfactory bulb (Fig. 2D). The [*H|T* cells
moved from the lateral ventricle to the
olfactory bulb at an average rate of 30 um
per hour (16), a rate similar to that reported
for tangentially migrating young neurons
during development (17). The number of
autoradiography grains overlying the nuclei
of PH]T™ cells decreased as cells migrated
rostrally (Fig. 3), suggesting that cells con-
tinued to divide between the injection site
and the olfactory bulb. This inference is
further supported by the labeling of dividing
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cells in the migratory pathway and the core
of the olfactory bulb when [*H|T or bromo-
deoxyuridine (BUdR, an analog of thymi-
dine) are administered systemically (18).
The number of labeled cells in the SVZ of
the lateral ventricle 6 hours after injection
(17,258 =+ 1,757) was higher than the
number of labeled cells in the olfactory bulb
15 days later (12,884 * 2,637) (Fig. 3).
The reduction in the number of PH]T*
cells that reached the olfactory bulb was
more substantial taking into account that
these cells continue to divide during migra-
tion. We do not know whether this reduc-
tion in the number of [PH]T* cells was due
to cell death, or to the inability to detect
BHJT in cells that diluted the label after
continuing division, or to both (19).
Fifteen days after [*H]T microinjection
most labeled cells were found in the granule
cell layer and around glomeruli in the ol-
factory bulb (Fig. 3). The [H|T-labeled
cells in the granule and periglomerular lay-
ers of the olfactory bulb stained for NSE
(7), but PH|T* cells in the walls of the
lateral ventricle, the migratory pathway
between the lateral ventricle and the olfac-
tory bulb, and in the core of the olfactory
bulb were not stained by NSE antibodies.
Two observations indicate that diffusion
of PH|T does not account for the apparent
migration of SVZ cells from the lateral
ventricle into the olfactory bulb: (i) Micro-
injected [PH]T was no longer available to

label dividing SVZ cells 12 hours after
microinjection. This was shown by the
combination of [*H|T microinjection with
a systemic injection of BUdR (20). All of
the [*H]T-labeled cells were also labeled by
BUdR after the simultaneous injections,
but only 3.6% of the *H|T-labeled cells
were labeled by BUdR when the injections
were 12 hours apart (20). (i) When [*H|T
was systemically injected, endothelial and
meningeal cells were labeled throughout
the brain, including the olfactory bulb. In
contrast, at no time after [*H]T microinjec-
tion did we find labeled endothelial or
meningeal cells in the olfactory bulb.

To reveal the morphology of the migrat-
ing cells and the newly generated neurons
in the olfactory bulb, we microinjected the
lipophilic dye Dil into the SVZ of the
lateral ventricle of adult mice and exam-
ined their brains at various times between 6
hours and 30 days after injection (21). The
injection labeled a volume of tissue with a
radius of 150 pm (Fig. 4A). Two, 4, and 6
days after injection spindle-shaped cells
with a thick leading process and a thin
trailing process were detected in the migra-
tory pathway (Fig. 4B). The morphology of
these cells is similar to that described for
migrating young neurons (17, 22). Pro-
cesses were oriented in the direction of
migration. Three days after injection, some
Dil-labeled cells were found in the core of
the olfactory bulb, and their processes were

Fig. 2. (A) A local microinjection of [*H]T la-
beled a restricted patch of dividing cells
around the injection site marked by Fluoro-Gold
(arrow) (75). (B) A systemic IP injection of
[*H]T-labeled dividing cells throughout the lat-
eral ventricle (15). (C, D, and E) Combined
dark field—fluorescence micrographs of hori-
zontal sections of the center of the olfactory
bulb 6 hours (C), 2 days (D), and 6 days (E)
after [®H]T microinjection in the SVZ of the

lateral ventricle. The [°H]T-labeled cells appear as bright yellow spots, whereas cell nuclei fluoresce
in blue (Hoechst 33258 staining). Anterior is left. cc, corpus callosum; lv, lateral ventricle; g, granule

cell layer; m, mitral cell layer. Scale bar, 100 pm.
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oriented parallel to the long axis of the
bulb. The morphology and orientation of
some of the migrating cells in the olfactory
bulb began to diverge 6 days after Dil
microinjection. Dil-labeled cells changed
their orientation, left the core of the olfac-
tory bulb, and migrated radially to more
superficial layers. Fifteen and 30 days after
Dil microinjection many cells with clear
neuronal morphology were found in the
granule cell layer and around glomeruli
(Fig. 4, C, D, and E). The Dil-labeled cells
in the granule cell layer had radially orient-
ed processes that branched in the external

plexiform layer and synaptic spines (gem-
mules) characteristic of granule neurons in
the olfactory bulb (23). The Dil-labeled
cells around glomeruli had processes orient-
ed parallel to the surface of the bulb that
branched in neighboring glomeruli. The
position and morphology of these Dil-la-
beled cells is characteristic of periglomeru-
lar neurons (23). The identity of Dil-la-
beled neurons confirmed the results pre-
sented above and previous work that
showed that only granule cells and peri-
glomerular cells are generated in the olfac-
tory bulb postnatally (5, 23). No Dil-la-

Fig. 3. Distribution and number of
[3H]T-labeled cells 6 hours, 2, 6, and

« = [BH]T* cells
* = Injection site

Grains per cell

3 0-50
3 50-100

15 days after local injection in the
SVZ of the lateral ventricle (15).
Maps indicate the position of heavily
labeled cells (>50 grains) from two
superimposed horizontal hemisec-
tions 2.3 and 3 mm deep from the
pial surface. Histograms indicate the

Cb

Em 100-500
I >200

a,b,c
6 hours .r} r

Hp Lv

number of cells and the number of
grains per cell in the three regions (a,
b, and c) boxed in the 6-hours map.
Error bars represent the range be-
tween two animals analyzed for each
survival time (79). Ob, olfactory bulb;

Lv, lateral ventricle; Hp, hippocam-
pus; Cb, cerebellum.
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Fig. 4. (A) Double ex-
posure microphoto-
graph of the Dil injec-
tion site in the SVZ of
the lateral ventricle
(21). Dil fluoresces in
red, cell nuclei stained
by Hoechst 33258 fluo-
resce in blue. Scale
bar, 100 pm. (B) Two
Dil-labeled  migrating
cells (arrows) in the
core of the olfactory A

bulb 6 days after micro-

injection. Scale bar, 20 um. (C, D, and E)
Labeled neurons in the olfactory bulb 15 days
after Dil microinjection in the SVZ of the lateral
ventricle. (C) Dil-labeled granule neuron. (D)
and (E) are fluorescent micrographs of the
same field with different filters. (D) Dil-labeled
periglomerular neuron (arrow) close to (E) glo-
meruli (arrow) revealed by Hoechst 33258 nu-
clear staining. Scale bar, 50 um; cc, corpus
callosum; lv, lateral ventricle; st, striatum; g,
granule cell layer; gl, glomerular layer.
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beled cells were detected in the ipsilateral
hippocampus or in the contralateral olfac-
tory bulb.

Granule and periglomerular cells are in-
terneurons that do not project outside of
the olfactory bulb (23). Projection neurons
(mitral or tufted cells) in the olfactory bulb
were not labeled by Dil at any survival
time. Furthermore, Dil-labeled neurons in
the olfactory bulb appeared only after la-
beled cells with migratory morphology
reached this region (Fig. 4B). Dil-labeled
neurons that appeared in the olfactory bulb
15 or 30 days after Dil injection were
derived from Dil-labeled migrating cells
that differentiated into neurons, and not
from diffusion or transport along axons.

Thus, in adult mice precursor cells that
divide close to the lateral ventricle migrate
considerable distances (up to 5 mm) before
they differentiate into neurons in the olfac-
tory bulb. This process is similar to the one
described for neonatal development (24).
The migration of SVZ cells into the olfac-
tory bulb is parallel to the surface of the
ventricle. This is in contrast to the migra-
tion of young neurons in adult song birds,
where the dispersal seems to be largely
radial to the ventricles (4). Thus, both
radial and nonradial migration occur
through the brain of adult vertebrates. The
migration of SVZ cells to the olfactory bulb
in rodents could serve as a model system to
study the factors that control nonradial
neuronal dispersion (17, 25). In addition,
because the factors that guide SVZ cell
migration in the adult brain can also steer
grafted cells from adult donors, our data
may suggest approaches for adult mammali-
an brain repair.
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Postsynaptic Induction and Presynaptic Expression
of Hippocampal Long-Term Depression

Vadim Y. Bolshakov and Steven A. Siegelbaum

Long-term depression (LTD) is an activity-dependent decrease in synaptic efficacy that
together with its counterpart, long-term potentiation, is thought to be an important cellular
mechanism for learning and memory in the mammalian brain. The induction of LTD in
hippocampal CA1 pyramidal neurons in neonatal rats is shown to depend on postsynaptic
calcium ion entry through L-type voltage-gated calcium channels paired with the activation
of metabotropic glutamate receptors. Although induced postsynaptically, LTD is due to a
long-term decrease in transmitter release from presynaptic terminals. This suggests that
LTD is likely to require the production of a retrograde messenger.

Long-term potentiation (LTP) in the hip-
pocampus and neocortex (1) and LTD in
the cerebellum (2) are two important ex-
amples of activity-dependent synaptic plas-
ticity in the mammalian brain that is long-
lasting. Both forms of synaptic plasticity are
induced by an increase in the concentration
of Ca?* in the postsynaptic cell. However,
the sources of Ca’* are different. LTP in
the CA1l region of the hippocampus re-
quires Ca’* influx through the N-methyl-
D-aspartate (NMDA)-type glutamate re-
ceptors (1), whereas LTD in the cerebellum
requires Ca’?* influx (3) through voltage-
gated Ca?* channels (4). The two forms of
plasticity also differ in their sites of expres-
sion. LTD in the cerebellum results from a
decrease in the postsynaptic response of Pur-
kinje neurons to glutamate (2). LTP is
thought to result from both enhanced pre-
synaptic release of glutamate (I, 5, 6) in
response to a retrograde messenger produced
in the postsynaptic cell (7) and from an
increased postsynaptic response (I, 6, 8).
Relatively little is known about hippo-
campal LTD in comparison to LTP (9).
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However, the recent finding that pro-
longed, low-frequency (1 to 5 Hz) stimula-
tion induces LTD (10-12) makes it possible
to investigate the mechanism of induction
and site of expression of hippocampal LTD.
Although the induction of LTD in the
hippocampus (10) and cerebral cortex (13)
requires postsynaptic Ca?* [see (14) for an
opposing view], its source is less certain and
may depend on influx through NMDA re-
ceptors (10, 11, 15), voltage-gated Ca?*
channels (16), or internal Ca’* release
after activation of metabotropic glutamate
receptors (mGluRs) (13, 17). Moreover, it
is not known whether hippocampal LTD is
due to a decrease in transmitter release or to
a decrease in the postsynaptic response to
glutamate. Our study shows that hippocam-
pal LTD resembles cerebellar LTD (4) be-
cause it requires the paired activation of
mGluRs and postsynaptic Ca?* entry
through L-type voltage-gated Ca’?* chan-
nels. However, in contrast to the cerebel-
lum, LTD in the hippocampus is expressed
presynaptically and results from a long-
lasting decrease in transmitter release.
LTD was studied without contamination
from LTP in 3- to 7-day-old rats, a stage
before the development of LTP (12), at the





