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A portion of the lysosomal enzymes produced by cells is se-
creted, diffuses through extracellular spaces, and can be taken
up by distal cells via mannose-6-phosphate receptor-mediated
endocytosis. This provides the basis for treating lysosomal
storage diseases, many of which affect the CNS. Normal en-
zyme secreted from a cluster of genetically corrected cells has
been shown to reverse storage lesions in a zone of surrounding
brain tissue in mouse disease models. However, low levels of
enzyme activity and reduction of storage lesions also have
been observed at sites in the brain that may not be explained by
a contiguous gradient of secreted enzyme diffusing away from
the genetically corrected cells. No direct evidence for alterna-
tive mechanisms of enzyme transport has been shown, and
little is understood about the intracellular movement of lysoso-
mal enzymes in neurons. We investigated whether axonal trans-

port could occur, by expressing an eukaryotic lysosomal en-
zyme that can be visualized in tissue sections (�-glucuronidase)
in brain structures that have defined axonal connections to
other structures. This resulted in the transfer of enzyme to, and
a reversal of storage lesions in, neurons that project to the gene
expression site, but not in nearby structures that would have
been corrected if the effect had been mediated by diffusion. In
addition, transduction of cells in the subventricular zone re-
sulted in the uptake of �-glucuronidase by cells entering the
rostral migratory stream. Gene transfer to specific neuronal
circuits or cells in migratory pathways may facilitate delivery to
the global brain lesions found in these disorders.
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The lysosomal storage diseases are a family of �50 inherited
disorders, most of which are caused by mutations in lysosomal
acid hydrolase genes (Neufeld, 1991). The loss of these catabolic
enzymes results in the accumulation of substrate in cells of the
CNS and other organ systems, which eventually leads to lysosome
distention and loss of cellular function (Walkley, 1998). In the
case of mucopolysaccharidosis type VII (MPS VII), a homozy-
gous null mutation of the �-glucuronidase (GUSB) gene in mice
results in the accumulation of glycosaminoglycans in neurons and
glial cells throughout the brain (Birkenmeier et al., 1989; Vogler
et al., 1990).

A feature of most lysosomal enzymes is that they are secreted
into the extracellular space and taken up by other cells in a
receptor-mediated endocytosis process called cross-correction
(Neufeld and Fratantoni, 1970; Sando and Neufeld, 1977; Taylor
and Wolfe, 1994). This mechanism has been shown in the MPS
VII mouse brain to reverse storage lesions in neural cells sur-
rounding a graft of genetically corrected fibroblasts (Taylor and
Wolfe, 1997). Direct intraparenchymal brain injections with sev-
eral types of viral vectors also have been effective (Ghodsi et al.,
1998; Skorupa et al., 1999; Stein et al., 1999; Bosch et al., 2000a,b;

Sferra et al., 2000; Zhu et al., 2000; Consiglio et al., 2001; Frisella
et al., 2001). The sphere of enzyme-positive cells found surround-
ing the injection site is attributable to diffusion, but some types of
viruses also can move to distal sites by retrograde axonal trans-
port where they express the transferred gene (Ghodsi et al., 1998;
Stein et al., 1999; Zhu et al., 2000). However, the presence of low
levels of enzyme activity and some correction of storage in distal
sites, including the contralateral hemisphere, have been observed
with vectors that transduce cells only at the site of injection
(Skorupa et al., 1999; Bosch et al., 2000a,b; Consiglio et al., 2001).
This suggests that the enzyme protein itself may be transported.
If lysosomal enzymes can be transported within the CNS, trans-
ducing selected structures may help to distribute the therapeutic
protein to the global lesions typical for these disorders.

In this study we tested whether other modes of enzyme trans-
port occurred besides diffusion, by targeting specific anatomical
areas of the mouse brain that contain known axonal connections
and migratory pathways. �-Glucuronidase was used as a model
for lysosomal enzymes because single enzyme-positive cells can
be detected in tissue sections, allowing for localization of the
transported protein (Wolfe and Sands, 1996). We delivered
GUSB to the brain with adeno-associated virus serotype 2
(AAV2) because this vector remains confined to the injection site
and predominately transduces neurons (Kaplitt et al., 1994; Bar-
tlett et al., 1998; Chamberlin et al., 1998). When the AAV2 vector
was injected unilaterally into the hippocampus of GUSB-deficient
mice, gene expression was detected only at the site of injection,
but cells were strongly positive for GUSB activity in both hemi-
spheres of the hippocampus and in the septum. Only regions with
axonal connections to the site of transduction were enzyme pos-
itive. Moreover, the storage lesions in the distal structures were
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reversed. This indicated that, after the enzyme was transported
along the axon, it entered the lysosomal compartment where it
was enzymatically active and reversed the pathologic lesion. Fur-
thermore, injection of the vector into the subventricular zone
(SVZ) resulted in delivery of GUSB to the olfactory bulb by cells
migrating in the rostral migratory stream. Both modes of trans-
port occurred for at least 18 months, which was attributable to the
ability of the mammalian housekeeping promoter in the viral
vector to sustain expression over time.

MATERIALS AND METHODS
Animals. Normal C3H/HeOuJ mice were purchased from Jackson Labo-
ratory (Bar Harbor, ME) and maintained in our breeding colony. MPS
VII mice were produced by heterozygote matings of C57BL/6-ByBir-H-
2bm1gusmps (Birkenmeier et al., 1989). Identification of affected mice,
which contain a single base pair deletion in exon 10 of the GUSB gene,
was verified by PCR (Sands and Birkenmeier, 1993; Wolfe and Sands,
1996). All treatments of mice were approved by and performed according
to the guidelines of the Institutional Animal Care and Use Committee.

AAV2 vectors. The detailed construction of the AAV2 vectors that were
used in this study has been reported previously (Skorupa et al., 1999;
Passini and Wolfe, 2001). AAV2 constructs containing either the 378 bp
human GUSB promoter (Shipley et al., 1991; Wolfe et al., 1995) or the
human cytomegalovirus immediate-early (CMV) promoter were cloned
upstream of the human GUSB cDNA (Oshima et al., 1987; Miller et al.,
1990) and packaged by the Institute for Human Gene Therapy Vector
Core (see Fisher et al., 1997) into AAV2-H�H and AAV2-CV�, respec-
tively. Brains were injected at equal titers of 4.5 � 10 12 genome
equivalents/ml.

Stereotaxic injections into adult mice. Adult normal and mutant mice
(10–12 weeks old) were injected in the intraperitoneal cavity with an
anesthesia dose of 100 mg/kg ketamine and 5 mg/kg xylazine. After we
placed the mice in a stereotaxic frame, their skulls were drilled, followed
by the lowering of a 30-gauge Hamilton syringe into the appropriate
brain structure. One microliter of either AAV2-H�H or AAV2-CV� was
injected unilaterally into the appropriate structure over a 5 min period.
The stereotaxic coordinates for each brain structure (Franklin and Paxi-
nos, 1997) are written as follows: first coordinate, distance from the
bregma line; second coordinate, distance left of the midline; third coor-
dinate, distance ventral to the pial surface. These include the external
capsule and surrounding gray matter (0.00, 2.50, 1.75 mm), motor cortex
(1.50 rostral of bregma, 1.50, 1.00 mm), somatosensory cortex (0.50
caudal of bregma, 2.50, 1.00 mm), striatum (0.00, 2.00, 3.00 mm), sub-
ventricular zone (1.00 rostral of bregma, 1.25, 2.00 mm), and ventral
hippocampus (2.00 caudal of bregma, 1.50, 2.00 mm).

Brain preparation. Mice to be killed were anesthetized deeply and
perfused transcardially with 1� PBS, followed by ice-cold fixative (4%
paraformaldehyde/0.1 M phosphate buffer, pH 7.4). Brains were dissected
out of the skulls, drop-fixed overnight at 4°C, cryoprotected overnight in
30% sucrose/0.1 M phosphate buffer at 4°C, transferred to plastic molds
containing 100% optimal cutting temperature (OCT) solution, frozen
over dry ice, and stored at �80°C. On the day before cryosectioning the
frozen blocks of brain were placed at �20°C to equilibrate to the cutting
temperature. Coronal serial sections were cut at 20 �m thickness at
�20°C. Brain sections designated for enzyme histochemistry were stored
at �20°C, and those designated for in situ hybridization were stored at
�80°C.

In situ hybridization. The riboprobes and conditions that were used to
detect the virally encoded human GUSB mRNA were described in a
recent report (Passini and Wolfe, 2001), which was based on an in situ
hybridization protocol published by Barthel and Raymond (2000).

Enzyme histochemistry. Frozen tissue sections were assayed for enzy-
matic activity with a naphthol-AS-BI-�-D-glucuronide substrate as re-
ported previously (Wolfe and Sands, 1996). Endogenous GUSB protein
was heat inactivated as described to ensure that the positive cells re-
ported in this study were from the viral vectors, because human GUSB is
not inactivated at 65°C (Frankel et al., 1977; Casal and Wolfe, 2001;
Serguera et al., 2001).

Histology. Uninjected and injected MPS VII brains were analyzed for
lysosomal storage vacuoles as reported previously (Skorupa et al., 1999).
In brief, affected mice were perfused with 4% paraformaldehyde, and
brains were removed and sliced into 500 �m coronal slabs with a tissue
slicer (Snyder et al., 1995). Tissue slabs were embedded in JB4 resin,

sectioned at 1 �m, and stained with 5% toluidine blue (Wolfe and Sands,
1996).

RESULTS
Correlation of vector gene expression and
enzymatic activity
For distribution studies the C3H/HeOuJ mouse strain was used
because it has very low levels of GUSB activity in the brain, and
the mouse GUSB protein can be heat inactivated relative to the
human protein (Johnson et al., 1986; Gallagher et al., 1987;
Moullier et al., 1993; Casal and Wolfe, 2001). To show that the
results described herein were from exogenous GUSB, we injected
normal adult mice with the AAV2-H�H vector into the external
capsule and surrounding gray matter and compared them with
uninjected age-matched mice. In injected mice (Fig. 1A–C) the
vector-encoded enzyme was detected in the somatosensory cor-
tex, caudate putamen, and external capsule. A large number of
transduced cells were found in the somatosensory cortex and
caudate putamen, whereas only a low number of transduced cells
were detected in the external capsule. The selective transduction
of gray matter structures compared with white matter tracts is
consistent with AAV2 to infect neurons preferably over glial cells
(Bartlett et al., 1998). The larger number of enzyme-positive cells
relative to the in situ hybridization-positive cells was attributable
to local cross-correction. In uninjected mice (Fig. 1D–F) the
corresponding structures were negative for both enzyme histo-
chemistry and in situ hybridization. The lack of detection of
endogenous GUSB under the conditions that were used was
verified for all brain structures in the following experiments (data
not shown), demonstrating that the positive signals reported in
this study were from the transferred cDNA.

Figure 1. Comparison of AAV2-H�H-injected (A–C) and AAV2-H�H-
uninjected (D–F) brains in the C3H/HeOuJ mouse strain. Enzyme histo-
chemistry (A, D) and in situ hybridization with the antisense riboprobe
(ISH-antisense; B, E) detected many positive cells at 1 month PI, but did
not detect positive cells in age-matched uninjected brains. In situ hybrid-
ization with the sense riboprobe (negative control) produced little posi-
tive signal in the injected brain (C) and no positive signal in the unin-
jected brain ( F). CP, Caudate putamen; CTX, somatosensory cortex; EC,
external capsule. Scale bar, 200 �m.
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Axonal transport of GUSB in the hippocampus
To test whether GUSB can undergo axonal transport, we used
AAV2 to transfer human GUSB into the ventral hippocampus,
defined in this study as the cornu ammonis area 3 (CA3) and the
dentate gyrus, because the axons projecting into and from this
region have well defined, predictable connections. Having a pro-
moter capable of supporting AAV2-mediated gene expression is
critical to this investigation. However, a feature of AAV2 vectors
is that the duration of transferred gene expression varies in
different structures of the adult brain (McCown et al., 1996;
Skorupa et al., 1999; Klein et al., 2000; Xu et al., 2001). The
human GUSB promoter may circumvent this temporal restriction
because of the housekeeping properties of this regulatory ele-
ment (Kyle et al., 1990; Shipley et al., 1991).

The AAV2 vectors encoding the human GUSB cDNA, one
containing the human GUSB promoter (AAV2-H�H) and the
other containing the CMV promoter (AAV2-CV�), were each
injected into groups of adult mice in one hemisphere of the
ventral hippocampus and were analyzed 1 and 3 months later
(n � 3 for each vector at each time point). The resultant data
were reproducible in all mice at all time points.

Transduction with both vectors occurred in the CA3 pyramidal
cell layer and in the granule cell layer (GCL) and hilus of the
dentate gyrus at 1 month postinjection (PI) (Fig. 2A,B). Enzyme-
positive cells were detected in a pattern that approximated the
transduction pattern (Fig. 2D,E). Neither AAV2 vector spread to
the contralateral side (Fig. 2C). However, unlike viral vector gene
expression, GUSB enzymatic activity was present in the con-
tralateral side, as demonstrated by a band of red stain in the
innermost molecular layer of the dentate gyrus, which wrapped
around the circumference of the GCL (Fig. 2F). This enzyme
pattern suggested a mode of transport alternative to diffusion,
because a gradient of enzyme-positive cells that extended
throughout the contralateral hemisphere would have been ex-
pected to be present if this were the case.

By 3 months PI a difference in the expression pattern was
apparent. Only a low number of transduced cells were still de-
tectable from the AAV2-CV� vector (Fig. 2G), and the number
of enzyme-positive cells was less than that at 1 month (Fig. 2D,J).
In contrast, with the AAV2-H�H vector similar numbers of in situ
hybridization-positive cells were present at 1 and 3 months (Fig.
2B,H). Although transduced cells were restricted to the ventral
hippocampus, abundant enzyme-positive cells were found in the
oriens, pyramidal, and radiatum layers of all three CA fields
(CA1–CA3) and in the GCL, hilus, and molecular layers of the
dentate gyrus at 3 months (Fig. 2K,M). AAV2-H�H vector gene
expression was not detected in the contralateral hippocampus at
3 months (Fig. 2 I). Nevertheless, a substantial increase in the
number of enzyme-positive cells was seen throughout the con-
tralateral hippocampus (Fig. 2L,M).

For axonal transport of GUSB to the contralateral hemisphere
to occur, it is predicted that enzyme would be present in the
hippocampal commissure, a structure that is composed of hip-
pocampal axons projecting from opposite hemispheres. This was
shown to be true at 3 months PI, in which the hippocampal
commissure was positive for GUSB enzyme but negative for
GUSB mRNA (Fig. 3A–C). The majority of enzyme activity stain
produced a linear pattern that was localized precisely to the
bundle of axons that connect the hippocampal formations from
the two sides of the brain. Another nearby white matter tract, the
overlying corpus callosum, which does not contribute to the

intrahippocampal circuitry, did not show this pattern of staining.
There was additional staining detected in a small number of cell
bodies in the region, which may be glial cells. Although it is
unknown how these cell bodies acquired enzyme, cell-to-cell
contact has been shown to transport GUSB between cells (Olsen
et al., 1981). Thus contact between neuronal axons and glial cells
may be an explanation.

The ability of the human GUSB promoter to support long-term
expression was demonstrated in the ventral hippocampus at 18
months PI (Fig. 3D–F). The maintenance of expression resulted
in very high levels of enzymatic activity, as illustrated by the
blackened staining pattern at the injection site, which can occur in
the presence of supraphysiologic levels of GUSB activity (Fig.
3G). The spread of GUSB to the contralateral hemisphere in-
creased at 18 months, which was particularly evident in cells of the
oriens and radiatum layers of CA1–CA3 (Fig. 3H). The increased
areas of enzyme-positive staining in the contralateral hemisphere
correlated with increased GUSB staining in the hippocampal
commissure at 18 months (Fig. 3I). Consistent with earlier time
points, vector-encoded mRNA was not observed in the contralat-
eral hemisphere or hippocampal commissure at 18 months (data
not shown).

Reversal of pathology by axonal transport
The extensive amount of lysosomal storage in the MPS VII
hippocampus (Levy et al., 1996; Casal and Wolfe, 1998) is ideal
for determining the therapeutic efficacy of axonal transport. Cor-
rection of storage was tested with AAV2-H�H, because the hu-
man GUSB promoter was clearly superior to CMV. Three
months was chosen to take full advantage of the robust enzymatic
activity that accumulated in the both hemispheres. After unilat-
eral injection of the MPS VII ventral hippocampus, storage was
reversed in neurons and glial cells in both hemispheres of the
CA3 field and the dentate gyrus (Fig. 4).

Axonal transport would be beneficial in treating the global
lesions of storage if lysosomal enzymes could become distributed
via inter-regional systems. The potential for inter-regional axonal
transport was seen in the nigrostriatal system. Injection of AAV2-
H�H into the striatum resulted in a high number of transduced
cells and a large area of enzyme-positive cells in this structure
(Fig. 5A,B). Enzyme-positive cells were detected in the substantia
nigra from the striatal injections, but none of these cells was
positive for gene expression (Fig. 5C,D). This pattern is consis-
tent with GUSB distribution by retrograde transport in neurons
of the substantia nigra, which send extensive inputs into the
striatum (Kordower et al., 2000; Peltekian et al., 2002).

We took advantage of the well defined connections between the
ventral hippocampus and the septum to investigate GUSB move-
ment and reversal of pathology within the septohippocampal
system. Unilateral injection of the ventral hippocampus with
AAV2-H�H resulted in numerous enzyme-positive cells in dis-
crete regions of the septum at 3 and 18 months PI (Fig. 5F,G).
Positive cells were restricted to the medial septal nucleus and to
both dorsal septal nuclei. The lack of detectable enzyme-positive
cells at 1 month in the septum (Fig. 5E), followed by detectable
levels at 3 and 18 months, is consistent with the temporal pattern
of GUSB in the contralateral hippocampus and hippocampal
commissure. Transduced cells expressing mRNA were not de-
tected in the septum at any time point (Fig. 5H).

Unilateral injections of AAV2-H�H into the MPS VII ventral
hippocampus resulted in the reversal of pathology in the neuronal
and glial cell populations of the medial and both lateral septal
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nuclei at 3 months (Fig. 6A–D). However, storage vacuoles were
present in structures that were in relatively close proximity to the
hippocampus and septum, such as the neocortex, piriform cortex,
caudate putamen, and thalamus (Fig. 6E–H). This suggests that
axonal transport was responsible for the clearance of storage in
the contralateral hippocampus and septum, because nearby struc-
tures also would have been corrected if diffusion had occurred.

GUSB transport by migratory cells
We also determined that another mode of GUSB transport exists
in the adult brain. Injection of the viral vector into the SVZ

resulted in GUSB delivery to the olfactory bulb by migrating
cells. Stem cells occupying the anterior SVZ undergo tangential
migration to the olfactory bulb via the rostral migratory stream, a
developmental process that continues in the adult (Altman,
1969). On reaching the subependymal zone of the olfactory bulb,
these cells undergo radial migration to specific laminar layers
occupied by granule and periglomerular cells (Luskin, 1993; Lois
and Alvarez-Buylla, 1994; Uchida et al., 2000).

Unilateral injection of AAV2-H�H into the vicinity of the SVZ
resulted in transduction at 1 month PI (Fig. 7A,D). A coronal

Figure 2. Comparison between AAV2-CV� and AAV2-H�H in the hippocampus at 1 month PI (A–F) and 3 months PI (G–M). Shown are
ISH-antisense (A–C, G–I ) and enzyme histochemistry (D–F, J–M ). The number of mRNA- and enzyme-positive cells decreased between 1 month PI
(A, D) and 3 months PI (G, J ) with AAV2-CV�. In contrast, the number of cells expressing GUSB mRNA did not change between 1 month (B) and
3 months (H ) with AAV2-H�H. In addition, a substantial increase in the number of enzyme-positive cells was detected at 3 months (K) compared with
1 month (E) with AAV2-H�H. Enzyme-positive cells were clearly present in regions of the ipsilateral hippocampus that were negative for gene
expression (K). There was a conspicuous absence of enzyme staining in the CA1–CA3 lacunosum moleculare layers at 3 months (asterisk in K). The
number of enzyme-positive cells in the contralateral hemisphere was also greater at 3 months (L) compared with 1 month (F) with AAV2-H�H. At 1
month the enzyme-positive cells were restricted to the inner molecular layer of the dentate gyrus (F, arrow). This was verified by the staining of an
enzyme-positive section with 0.1% cresyl violet, which labeled the dentate granule cell layer, but not the dentate molecular layer (small box, F ). At 3
months the pattern of enzyme-positive cells extended to include other regions in the contralateral hippocampus, particularly the oriens and radiatum
layers of CA1–CA3 (L). A high-magnification image of a cresyl violet-stained section demonstrated that enzymatic activity was maintained in the inner
molecular layer of the dentate gyrus (small box, L). Transduced cells were not detected in the uninjected hemisphere at either time point with
AAV2-H�H-injected brains (C, I ). An entire brain section at 3 months PI demonstrated how well enzymatic activity was confined to the hippocampus,
although a small number of positive cells could be seen in the overlying cortex (M ). CA1p, CA1 pyramidal cell layer; CA3p, CA3 pyramidal cell layer;
G, upper and lower blades of the dentate granule cell layer; H, hilus; L, stratum lacunosum moleculare; Mi, inner molecular layer of the dentate gyrus;
Mo, outer molecular layer of the dentate gyrus; O, stratum oriens; R, stratum radiatum. Scale bars: A–L, 500 �m; M, 1000 �m.
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section through the rostral migratory stream, approximately mid-
way between the SVZ and olfactory bulb, showed a high-density
chain of enzyme-positive cells that were negative for GUSB
mRNA (Fig. 7B,E). A very high number of enzyme-positive cells
were observed in the subependymal zone and granule cell layer of
the ipsilateral olfactory bulb (Fig. 7C). However, none of these
cells was positive by in situ hybridization (Fig. 7F). It is unlikely
that the lack of expression in the olfactory bulb was attributable
to promoter shutdown, because the human GUSB promoter
supports transcription in all layers of this structure (Passini and
Wolfe, 2001).

Enzymatic activity and gene expression were still present in the
SVZ at 18 months (Fig. 7G,J), which resulted in a population of
enzyme-positive cells in the granule cell layer of the olfactory
bulb (Fig. 7H,I). As with axonal transport, this mode of transport

4

ventral blade of the dentate GCL (D). In mouse 2 transduced cells were
present in the pyramidal layer of CA2 and CA3 (E). In mouse 3 a large
number of GUSB-expressing cells were detected in the CA3 pyramidal
cell layer and in the GCL and hilus of the dentate gyrus ( F). As repre-
sented by mouse 1, widespread enzyme-positive cells were detected in the
injected (G) and uninjected (H ) hemispheres of all three mice. The most
robust enzyme staining in the uninjected hemisphere was detected in
CA1–CA3 (H ). Other regions, such as the inner molecular layer of the
dentate gyrus, were also positive for enzymatic activity (H ). A larger area
of diffuse enzyme staining was observed in the hippocampal commissure
at 18 months ( I ) compared with 1 month ( A) and 3 months ( B). Scale
bars: A–D, G, H, 500 �m; E, F, I, 250 �m.

Figure 3. Long-term enzymatic activity and expression in the hippocam-
pal commissure and hippocampus. Shown are enzyme histochemistry (A,
B, G–I ) and ISH-antisense (C–F) in the hippocampal commissure (A–C,
I ), ipsilateral hippocampus (D–G), and contralateral hippocampus (H ).
Unilateral injections of AAV2-H�H into the ventral hippocampus re-
sulted in undetectable levels of enzyme staining at 1 month PI (A) but
detectable levels at 3 months PI ( B) in the hippocampal commissure.
Although a small number of cell bodies were labeled, the majority of
staining was present in a diffuse, linear pattern (B). Vector-encoded
human GUSB mRNA was not present in a corresponding section at 3
months (C). Robust transduction was observed in the ventral hippocam-
pus in all three mice at 18 months PI (D–F). In mouse 1 the GUSB-
expressing cells were abundant in the CA3 pyramidal cell layer and in the

Figure 4. Reversal of pathology in the MPS VII brains after unilateral
injection of AAV2-H�H into the ventral hippocampus at 3 months PI.
Shown are toluidine blue-stained plastic sections in uninjected (A, D) and
injected (B, C, E, F ) mice. Lysosomal storage vacuoles were visible in the
uninjected GCL and hilus of the dentate gyrus (A) but were cleared in the
ipsilateral (B) and contralateral (C) hemispheres of injected brains.
Lysosomal storage vacuoles, which were present in the entire CA3 pyra-
midal cell layer in uninjected mice (D), were reversed in both the
ipsilateral (E) and contralateral (F) hemispheres of injected brains.
Arrows point to lysosomal storage vacuoles. Scale bar, 50 �m.
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is maintained over time, albeit with less accumulation of enzy-
matic activity at the distal site. Virally encoded mRNA cells were
not detected in the olfactory bulb at 18 months (Fig. 7K,L).

DISCUSSION
This study determined the different modes of GUSB transport in
the brain with an AAV2 vector regulated by a mammalian house-
keeping sequence. The ability of the human GUSB promoter to
support gene expression over time is beneficial to experiments
that must rely on a continuing source of protein product. The
maintenance of GUSB expression in the brain resulted in satu-
ration of enzyme at the injection site and accumulation in distal
locations. In contrast, the CMV promoter did not sustain expres-
sion over time, consistent with other AAV2 experiments that
used viral promoters (Alexander et al., 1996; McCown et al.,

1996; Davidson et al., 2000). Although mammalian regulatory
sequences such as the neuronal-specific enolase and platelet-
derived growth factor promoters support expression in the CNS
(Peel et al., 1997; Klein et al., 1998; Xu et al., 2001), the relatively
large size of these promoters is a disadvantage when engineering
AAV2 recombinant genomes because of size limitations in the
packaging reactions (Dong et al., 1996). The minimally sized 378
bp human GUSB promoter thus would provide a distinct advan-
tage in somatic gene transfer experiments involving large cDNAs.

A new finding was the transduction of the adult GCL with both
AAV2-H�H and AAV2-CV�, which had not been seen in previ-
ous studies that used AAV2 vectors with either the neuronal-
specific enolase or CMV promoters (McCown et al., 1996; Bar-
tlett et al., 1998; Klein et al., 1998; Xu et al., 2001). Interestingly,
wild-type AAV2 does not have a natural tropism for the GCL

Figure 5. Axonal transport in the nigrostri-
atal (A–D) and septohippocampal (E–H)
systems after AAV2-H�H vector injection.
Shown are enzyme histochemistry (A, C,
E–G) and ISH-antisense (B, D, H ). Injec-
tions into the striatum resulted in many
enzyme- and mRNA-positive cells in this
structure at 18 months PI (A, B). Enzyme-
positive cells were present in the substantia
nigra after the striatal injections (C). How-
ever, the entire substantia nigra was negative
for gene expression (D). After injection of
the ventral hippocampus, enzyme-positive
cells were undetectable in the septum at 1
month (E) but were detectable at 3 months
(F) and 18 months (G). Enzyme-positive
cells in the septum were observed in the
medial nucleus and in both dorsolateral nu-
clei, but not in either ventrolateral nucleus
(F, G). ISH-antisense did not produce posi-
tive cells in the septum at 18 months (H ).
Scale bars: A–D, 250 �m; E–H, 500 �m.

Figure 6. Correction of storage in the sep-
tum after hippocampal injections. Shown are
toluidine blue-stained plastic sections of the
septum (A–D) and other brain structures
(E–H). Storage vacuoles were present in
many cells of the uninjected MPS VII medial
(A) and lateral (C) septa. Reversal of pathol-
ogy was observed in neurons and glial cells of
the medial (B) and lateral (D) septum 3
months after AAV2-H�H vector injection of
the MPS VII ventral hippocampus. These
injections did not correct storage lesions in
other brain structures, as illustrated by the
neocortex (E), piriform cortex (F), caudate
putamen (G), and thalamus (H ). Arrows
point to lysosomal storage vacuoles. Scale
bar, 40 �m.
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(Bartlett et al., 1998). Our data suggest that the transgene itself
may influence the transduction profile of a given AAV2 vector in
the brain. This recently was shown to occur with an adenovirus
vector, in which different transduction patterns were observed in
the brain when different transgenes were used in an identical viral
vector backbone (Zermansky et al., 2001). This implies that
variegated patterns of transduction will arise in the CNS from
unique combinations of promoters and cDNAs.

Our data show that GUSB distribution and reversal of pathol-
ogy in the contralateral hippocampus are attributable to axonal
transport. This is supported by several lines of evidence (Fig. 8).
First, the abundant enzyme-positive cells in the contralateral
oriens and radiatum layers are explained by the extensive inputs
from the commissural axons emanating from CA3 pyramidal
neurons (Swanson et al., 1978; Amaral and Witter, 1989). Also,
the widespread enzyme pattern in the ipsilateral CA1 field may
have occurred via Schaffer collaterals. Second, the presence of
enzyme staining in the inner molecular layer of the dentate gyrus
is consistent with axonal transport by hilar neurons, because these
cells send axons to opposite hemispheres and innervate a laminar
position directly adjacent to the GCL (Gottlieb and Cowan, 1973;
Swanson and Cowan, 1977). Because the outer molecular layer
does not receive input from the dentate gyrus, but rather from the
perforant pathways of the entorhinal cortex (Blackstad, 1958;
Raisman et al., 1965; Bayer, 1985), it would be predicted that the
outer molecular layer would not be positive for GUSB, which is

what we have observed (Fig. 2F). In agreement, the lacunosum
moleculare layers of CA1–CA3, which were negative for GUSB,
also receive input primarily from perforant axons (Hjorth-
Simonsen, 1973; Steward, 1976). Finally, the detection of GUSB
in the hippocampal commissure is consistent with the presence of
enzyme in the axons.

The enzyme pattern in the septum after hippocampal injec-
tions further demonstrates that axonal transport occurred rather
than diffusion. GUSB was restricted to the dorsal nucleus of both
lateral septa, with no enzyme-positive cells being detected in the
ventral nuclei. This pattern is predicted by the topographical
organization between the two structures. The rostral–ventral
hippocampus (the injected site) innervates the dorsal lateral sep-
tum and the caudal–ventral hippocampus innervates the ventral
lateral septum (Swanson et al., 1981). If diffusion of GUSB to the
septum had occurred, then enzyme-positive cells would have
been present in the entire lateral septum, rather than just the
dorsal region. Furthermore, structures near the septum and the
hippocampus also would have been exposed to any secreted
enzyme, but many of these nearby structures were negative for
enzyme staining and contained large numbers of cells with stor-
age lesions.

We could not determine unambiguously in which direction
GUSB was moving through the circuits of the intrahippocampal
and septohippocampal systems. Although neurons in these sys-
tems connect in both the retrograde and anterograde directions

Figure 7. Transport of GUSB in the rostral migratory stream. Shown are enzyme histochemistry (A–C, G–I ) and ISH-antisense (D–F, J–L) in coronal
sections of the subventricular zone (A, D, G, J ), the rostral migratory stream (B, E), and the main olfactory bulb (C, F, H, I, K, L) at 1 month PI (A–F)
and 18 months PI ( G–L). Scale bars: A, D, 500 �m; C, F, 400 �m; G, H, J, K, 250 �m; B, E, I, L, 60 �m.
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(Figs. 8, 9), retrograde transport is the most likely explanation for
enzyme movement through axons, because endosome trafficking
occurs from the synaptic termini to the perikarya in neurons
(Nixon and Cataldo, 1995; Overly and Hollenbeck, 1996; Walk-
ley, 1998; Mathews et al., 2002). The correction of storage lesions
in neurons distal from the injection site indicates that endosomes
carrying GUSB fused with lysosomes after retrograde trafficking
in vivo, because the enzyme must reach the acidified lysosome to
be active catalytically.

Glial cells surrounding the enzyme-positive distal neurons also
were corrected. This indicates that, after the completion of ax-
onal transport, some of the active enzyme was released into the

surrounding area and taken up by adjacent cells. This evidence of
enzyme in the extracellular space suggests that axon endings in
this area also were exposed to secreted enzyme, which would
account for the presence of staining in some second-order neu-
rons. This is illustrated by the retrograde transport of GUSB via
two connecting neurons in the septohippocampal system (Fig. 9).
Although this ability to become transported along multiple neu-
rons can increase the distribution of GUSB in the brain, it was
found only in some areas.

Unilateral injections of a lentivirus vector into the fimbria of
another mouse model of lysosomal enzyme deficiency (metachro-
matic leukodystrophy) resulted in reversal of storage lesions in the
contralateral CA3 pyramidal cell layer and fimbria (Consiglio et
al., 2001). However, because there is no available assay to study
the arylsulfatase A enzyme pattern in situ, it could only be
conjectured that axonal transport was responsible for enzyme
movement throughout the hippocampus. Those data together
with the present study suggest that axonal transport may be a
general property of lysosomal enzymes.

GUSB also was transferred long distances by migrating cells.
Injection of AAV2-H�H into the vicinity of the SVZ resulted in
enzyme-positive cells in the olfactory bulb. However, there was
no gene expression detected by in situ hybridization in the rostral
migratory stream or olfactory bulb, indicating that the vector did
not transduce the stem cell population leaving the SVZ. Rather,
transduced cells in the vicinity of the SVZ secreted GUSB, which
then was taken up by cells entering the rostral migratory stream.
The GUSB half-life of 3–6 d (Achord et al., 1977; Vogler et al.,
1993) allows a significant amount of enzyme to survive the jour-

Figure 8. Diagram showing the symmetrical circuitry of the intrahip-
pocampal system. CA1 and CA3 pyramidal cells have dendrites that
extend into the oriens, radiatum, and lacunosum layers (A). CA3 pyra-
midal cells send commissural collaterals to the contralateral CA1–CA3
radiatum and oriens layers and send Schaffer collaterals to the ipsilateral
CA1 radiatum layer (A). Dentate granule cells have dendrites that extend
into the inner and outer molecular layers (B). Hilar neurons of the
dentate gyrus send ipsilateral and commissural collaterals to the inner
one-third molecular layer and synapse with dentate granule cells (B).
According to these connections the GUSB transport to the contralateral
side probably occurred by secretion of GUSB into the ipsilateral synapse
by the transduced cell (labeled as X ), followed by uptake by the axonal
termini (or terminus) of the contralateral cell and subsequent retrograde
transport via the commissural axon to the soma. Although anterograde
projections occur, it is not thought that lysosomes move to the synaptic
terminus (Walkley, 1998). CC, Commissural collateral; IC, ipsilateral
collateral; P, pyramidal cell layer; SC, Schaffer collateral; see Figure 2 for
additional abbreviations.

Figure 9. GUSB movement throughout the circuit of the septohippocam-
pal system. Only one hemisphere of the ventral hippocampus is shown.
Neurons from the medial septum project onto CA3 pyramidal and dentate
hilar cells, whereas CA3 pyramidal cells project onto the lateral septal
nuclei of both hemispheres (Swanson, 1977). Retrograde transport in
axons of the medial septum is the likely mechanism for GUSB movement
in this circuit. Because neurons of the lateral septum also project onto the
medial septum, the enzyme pattern and reversal of pathology in the
lateral septum probably occur by retrograde transport via a second axon
(second-order neuron). CA3p, CA3 pyramidal cell layer; H, hilus; LS,
lateral septum; MS, medial septum.
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ney to the olfactory bulb, because the time it takes for SVZ cells
to travel down the rostral migratory is also 3–6 d (Luskin, 1993).
The lack of stem cell infection with AAV2 differs from SVZ
injections with retrovirus and adenovirus, which resulted in stem
cell transduction and subsequent delivery of the �-galactosidase
reporter gene to the granule and periglomerular cell layers
(Luskin, 1993; Yoon et al., 1996).

In contrast to the SVZ, the maintenance of gene expression for
at least 18 months in the GCL suggests that AAV2-H�H infected
stem cells of the dentate gyrus, which continuously supply new
granule cells to replace dying ones (Kaplan and Hinds, 1977;
Bayer, 1982; Gage, 2000). This differed from our recent finding
with AAV2-H�H injections in the developing brain (Passini and
Wolfe, 2001), which resulted in a continual decrease in the
number of in situ hybridization-positive cells over time in the
GCL, indicating that stem cells of the dentate gyrus were not
infected at birth. The combined data from both studies suggest
that AAV2 vectors are permissive for the infection of some pools
of stem cells, but not of others, and that transduction of a given
stem cell population can differ between a developing and mature
brain.

In conclusion, we determined that there are alternate ways in
which lysosomal enzymes can become distributed throughout the
brain. The transport occurred for at least 18 months, demonstrat-
ing that strategically placed enzyme-secreting foci can provide a
long-term supply of enzyme to locations far away from the injec-
tion site by diffusion, axonal transport, and migrating cross-
corrected cells. The use of all three modes of transport in treat-
ment strategies should be beneficial in reversing the global
neuropathology of lysosomal storage diseases in future clinical
trials.
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