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Neurodegenerative diseases such as
Parkinson’s, Alzheimer’s and Hunting-
ton’s affect millions of Americans.
Parkinson’s disease (PD) is one of the
most common, affecting about 1% of
people over the age of 65 with its char-
acteristic rigidity, bradykinesia and
tremors. Critical to studying these
slowly progressing diseases is the avail-
ability of accurate animal models in
which to study disease mechanisms and
potential therapies.

The established models of Parkin-
son’s disease have successfully repro-
duced the loss of dopamine-producing
neurons in the substantia nigra, which
is a hallmark of the disease. The
MPTP primate model is typical. When
injected systemically, the neurotoxin
MPTP is metabolized into the neuro-
toxin MPP" which is selectively taken
up by dopaminergic neurons. MPP*
inhibits mitochondrial respiration at
the level of complex I of the electron
transport chain, thereby causing exten-
sive cell death in areas with high con-
centrations of dopamine-producing
neurons such as the substantia nigra.!
This effect is prominent in primates

but not rodents.

The primary murine model of PD
involves a slow intrastriatal injection of
6-hydroxydopamine (6-OHDA),
resulting in the delayed and progressive
loss of dopaminergic terminals and

Chronic Infusion
of Rotenone
Results in New Model

of Parkinson’s

neurons and striatal dopamine.? This
method provides a relevant model for
studying the neuropathology of PD,
despite its limited ability to predict
efficacy of a potential therapy in either
MPTP-lesioned primates or in

patients. 3

‘While useful for their ability to
reproduce the nigral damage associated
with PD, none of these animal models
causes accumulation of the cytoplasmic
inclusions called Lewy bodies, which
are a histopathological hallmark of the
disease. Betarbet etal. at Emory Uni-
versity showed that systemically
administered rotenone, a com-
mon, organic garden pesticide,
produces a more complete model
of PD with both the progressive
and selective loss of dopamin-
ergic neurons (see Figure I)
and presence of cytoplasmic
inclusions quite like Lewy
bodies.*

Initial work to
investigate rotenone’s
pattern of central
nervous system
damage was done
by Ferrante etal.,
who used
ALZET pumps
to deliver the
compound

intravenously
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to rats over a 7-9 day period in high
doses.5 After this period of exposure,
Ferrante et al. observed nigral sparing,
despite lesions throughout the striatum
and globus pallidus. Higher doses were
associated with increased systemic side
effects.* A dose- and time-ranging
study by Greenamyre et al. illustrated
the specific time course of damage

and its progression

throughout the

CNS.!
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Using ALZET pumps to infuse rotenone
intravenously, Greenamyre et al. showed
that the neurotoxin produced lesions ini-
tially in the central striatum, the extent
and timing of which were dose-depen-
dent. Higher doses produced earlier
lesions. Greater striatal damage was asso-
ciated with retrograde loss of neurons in
the substantia nigra.

A subsequent study at Emory University
was conducted to refine the model by
optimizing the dose.* The histopathology
results demonstrated the unique value of
this model: staining of nigral neurons in
rats with rotenone-induced dopaminergic
degeneration revealed the presence of
cytoplasmic inclusions with biochemical
and morphological similarities to the
Lewy bodies characteristic of PD. For
rotenone infusion, Betarbet et al. used
both 1-week ALZET pumps (model
9MLI) and 4-week pumps (Model
oML4), implanted subcutaneously and
connected to tubing placed in the jugular
vein. After 4 weeks, some animals had the
pumps removed and replaced with fresh
pumps to extend the treatment period.
Controls received vehicle administration

alone.

In a disease like PD, which progressively
robs affected individuals of normal motor
function, this animal model which more
accurately represents the human pathology
provides a promising research platform to
support evaluation of potential neuro-
protective therapies. This work is ongo-
ing and includes a grant to Dr.
Greenamyre from the National Institute
of Neurological Disorders and Stroke to
further develop the rotenone model,
understand its specific mechanisms, and
modify it for use in primates.6

ALZET pumps have also been used to
either create or test many other models of
neurodegenerative disease, including
Alzheimer’s, Huntington’s and neurode-
generative dementia.”®9 Continuous
infusion of many short half-life agents
under evaluation for their neuroprotec-
tive activity, including neurotrophic fac-
tors such as glial-derived neurotrophic
factor and brain-derived neurotrophic
factor, have also been made possible
through the use of ALZET pumps to pro-
vide continuous administration. For
more information on the use of ALZET
pumps for systemic or intracerebral infu-
sion, or in one of these animal models,

please contact ALZET Technical Support.

Figure 1: Rat coronal brain sections show nigrostriatal degeneration in rats following rotenone administration for 7
days (b,f), 36 days (c, g) or 33 days (d, h), but not in control animals infused with vehicle alone (a, e).*
Rats were implanted with ALZET pumps attached to catheters placed intravenously. Tyrosine hydroxylase
immunostaining is shown in the striatum (a-d) and substantia nigra (e-h). Progressive striatal damage
(arrows) ranged from partial (b, ¢) to almost complete (d); the latter resulting in significant damage in the
lateral portion (arrows) and ventral tier (arrowheads) of the substantia nigra pars compacta (SNc). ctx,
cortex; st, striatum; na, nucleus accumbens; ot, olfactory tubercle. Reprinted with permission from Dr.

Greenamyre and Nature Publishing Group.
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for Inner

The feasibility of in vivo gene transfer
to the inner ear as potential treatment
for hearing disorders has been a subject
of intense investigation in recent years.
The goal of these studies is to express
genes that may protect inner ear cells
from trauma or enhance repair and
regeneration following ototoxic insults.
The inner ear, consisting of the
cochlea and vestibular organs, has sev-
eral features that make it an attractive
target for gene transfer research. First,
inoculation with gene vectors is techni-
cally feasible, and the enclosed anatomy
of the inner ear limits the spread of
these vectors to adjacent tissues. Sec-
ond, the fluid-filled spaces allow for
easy dissemination of vectors within the
inner ear.” Finally, the cochlea con-
tains several cell types that can be pre-
cisely quantified, simplifying
assessment of gene expression in the

target cells.?

Animal model of cochlear gene

therapy

An animal model for the chronic infu-
sion of drugs into the inner ear was
first developed by Brown etdl. and
Davies etal.3* The guinea pig was cho-

sen for its relatively large, and there-

Therapy Research

fore more surgically accessible, cochlea
compared with mice and rats. ALZET
Osmotic Pumps were selected to facili-
tate the slow, continuous delivery of
agents directly into the cochlea. Brown
etal. initially demonstrated the effec-
tiveness of this animal model by
depressing auditory nerve responses via
tetrodotoxin infusion.3 Davies et al.
confirmed the validity of this model by
inducing neuronal degeneration via
neomycin infusion.* Recently, this
chronic infusion model has proved to
be an efficient way of introducing
genetic vectors into the mammalian

cochlea to study gene expression.

Gene vectors used in cochlear gene
therapy research

A variety of viral and non-viral vectors
are available to facilitate the transfer of
genetic material into target cells. Each
of these vectors possesses unique char-
acteristics that make it useful for par-
ticular experimental applications (see

Table 1).

Adeno-associated virus (AAV) is usually
the vector of choice for gene transfer
studies because of its non-pathogenici-
ty, broad host range, and capacity to
infect and integrate into dividing and

ar Disorders
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non-dividing cells with high frequency.
A series of studies by Lalwani etal., at
the University of California in San
Francisco, demonstrated successful in
vivo expression of foreign genes in the
inner ear of guinea pigs following AAV
vector infusion with ALZET Osmotic

Pumps.5’6’7’8

Steady-state, intra-
cochlear infusion of AAV vectors con-
taining reporter genes, such as
R-galactosidase (R-gal) and recombi-
nant human green fluorescent protein
(rhGFP), resulted in transfection and
gene expression in a variety of tissues
within the cochlea.5® Subsequent
studies demonstrated the ability of AAV
to transfer genes into the vestibular
hair cells as well as the supporting cells
within the vestibular neuroepithelia,
confirming the ability of AAV to trans-
fect a broad range of dividing and non-
dividing cells.® Further research by
Lalwani etal. uncovered the potential of
AAV to establish long-term transgene
expression within the cochlea, where
the R-gal gene product was detected for
up to six months after initial gene vec-

tor infusion.”

(continued on page 7)

Gene Vector Advantages Limitations
Adeno- - Nonpathogenic in humans and animals + Small capacity for foreign genes
associated + Incapable of autologous replication without the aid of a helper virus
virus + Broad host range
- Capable of transducing dividing and non-dividing cells
- Capable of stable integration and long-term gene expression
Adenovirus + High level of transgene expression + Highly immunogenic
- Capable of transducing dividing and non-dividing cells - Capable only of transient integration;
+ Large capacity for foreign genes does not integrate into the genome
- Wide range of target tissues
+ Most do not cause serious disease
+ Can be engineered to become replication defective and less immunogenic
Lentivirus - Capable of transducing dividing and non-dividing cells « Risk of generating replication-competent virus
- Capable of stable integration and long-term gene expression + Random integration of genes
(might disrupt host genes)
Cationic - Do not cause disease (safe) + Lower transfection efficiency
Liposomes + Non-immunogenic + Capable of transient gene expression
+ Easy to prepare in large amounts « Lack tissue specificity
+ Capable of carrying genes of any size
Table 1: Summary of advantages and limitations associated with various vectors used for gene delivery to the inner ear.

.alzet.com




Special Delivery
A Method for Chronic Drug Delivery

Teratology studies aimed at investigat-
ing neonatal learning, memory,
behavior or development present
unique challenges to scientists because
they require manipulation of young,
very small animals during a critical
developmental period. Authors of
numerous rodent studies have con-
cluded that environmental manipula-
tions occurring early in life result in
physiological and behavioral changes
that persist into adulthood.”*3 Some
studies have shown that human han-
dling of newborn rats for as little as
15-20 minutes daily during the first
few weeks of life produces neuroen-
docrine, neurochemical and behav-
ioral alterations in the adult.?%5
Some methods of drug administra-
tion impose severe experimental con-
ditions, such as repetitive handling
and injections, which have more
dramatic implications for neonatal
development. Furthermore, such
experimental artifacts are likely to
confound and compromise research

results.

Effects on Physical and Neurobehav-

ioral Development

ALZET Osmotic Pumps have long
been used as an alternative to repeat-
ed injections for chronic administra-
tion of experimental agents in
unrestrained laboratory animals.
These small, implantable pumps pre-
sent an attractive alternative for use in
neonates as well. Doucette etal., at
the University of Prince Edward
Island, demonstrated the value of
these miniature infusion pumps as a
method for sustained drug delivery in

neonatal rats.® These investigators

used 8-day old Sprague-Dawley rat
pups that were randomly assigned to
one of three treatment groups:
ALZET pump implantation, sham
surgery, or no surgery. Saline filled
ALZET pumps (Model 1003D) were
aseptically implanted under the skin
of rat pups under isofluorane anes-
thesia. The pups were allowed to
recover from the anesthesia before
being returned to their cages. The
entire surgical procedure took an
average of I0 minutes and was never
longer than 20 minutes. Rats in the
sham surgery control group received
identical treatment except pump
insertion. The rats not operated on
were left undisturbed. Animals were
evaluated at various times over a 72-
day period using a standard battery of
tests designed to measure physical and
neurobehavioral development, such as
weight gain, fur development, incisor
eruption, startle, visual placing, and
others. With the exception of tran-
sient decreases in weight gain during
the first 24 to 48 hours following
pump implantation, no significant
differences were found in rats
implanted with pumps compared to
the control and sham treated rats on

any of the parameters evaluated.

Doucette et al. attributed their experi-
mental success, in part, to the careful
use of good laboratory procedures to
help minimize surgical stress. They
emphasized the importance of follow-
ing strict aseptic technique during the
pump implantation in order to
decrease the risk of infection. Addi-
tionally, they found the use of an
inhaled anesthetic, isofluorane, which

permits rapid induction and recovery,

in Neonates
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to be preferable to slower acting
inhaled or injectable anesthetics.
The authors concluded that the
implantation of ALZET pumps,
under carefully controlled surgical
conditions, does not significantly
affect neurobehavioral development
in rat pups, thus they represent a
viable alternative to repeated injec-

tions for sustained drug delivery.

Experimental Model of Neonatal
Opioid Tolerance and Dependence

Many experimental models of opioid
tolerance and dependence use repeat-
ed drug administration by bolus
injection with a variety of dosing
schedules. Such dosing schedules
lead to wide fluctuations of opioid
concentrations in the central nervous
system that may affect the develop-
ment of tolerance. Additionally, the
added stress from repeated handling
and injections could affect the devel-
opment of tolerance as well. Investi-
gators at the Medical College of
Virginia have used ALZET pumps
successfully to establish an animal
model of neonatal opioid tolerance
and physical dependence. Using this
experimental model, Thornton etal.
have characterized tolerance and
dependence to fentanyl and mor-
phine in neonatal rats.”® Their stud-
ies indicate that continuous
subcutaneous delivery using ALZET
pumps is particularly useful since it
closely mimics the intravenous route
by which opioids are continuously
administered to human neonates.’
Another key benefit of the ALZET
pumps in these experiments was their

ability to maintain stable plasma and



tissue opioid levels, thus reducing
toxicity associated with widely fluctu-
ating plasma levels typical with con-
ventional dosing methods.
Furthermore, the pumps provided a
means of chronic opioid delivery that
minimized neonatal handling and the
stress commonly seen with repeated

injections.

Since these initial studies were pub-
lished in 1997, the Virginia research
group has produced a number of
publications describing further
research on the long-term conse-
quences of opioid tolerance and
dependence established during the
neonatal stage.9’*™"'* Thornton etadl.
have now incorporated ALZET
pumps as their standard method for
chronic opioid administration in
neonatal rats. To obtain a complete
list of references on the use of
ALZET pumps in neonates, a package

of information on surgical tech-

niques for neonates, or additional
information about ALZET Osmotic
Pumps please contact ALZET techni-

cal services.
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ALZET Osmotic Pumps come in the three sizes shown above and in a variety of rates and durations.

The smallest pump can be implanted subcutaneously in animals weighting at least 10 grams, including

mice and very young rats.



Improving

Hydrophobic

Beta-cyclodextrin derivatives have
emerged as a useful tool for improving
the stability and solubility problems of
hydrophobic molecules. With steroid
hormones, for example, as much as a
50-fold increase in solubility and
bioavailability can be achieved through
the use of f-cyclodextrin derivatives R-
CDs) as carrier molecules.! Given the
space limitations inherent in an
implantable drug delivery system, #-CDs
are a viable option for use in ALZET

Osmotic Pumps.

Cyclodextrins are conjoined glucose
molecules forming a “donut” structure,
or torus. The non-polar interior of the
torus encapsulates hydrophobic mole-
cules to increase solubility in aqueous
solutions. The morphology of cyclodex-
trins encourages complexation, yet aque-
ous dilution elicits complete
dissociation.? R-cyclodextrins occur
naturally, but derivatives formed by sub-
stitution with hydroxyalkyl groups have
reduced toxicity and optimized solvent
action. One popular derivative is 2-
hydroxypropyl-R-cyclodextrin, which is
sold as Trappsol® by CTD, Inc., in either

a powder or a pre-mixed solution.”3

Optimizing Delivery

A drug’s ability to form an inclusion
complex with #-CDs depends upon its
size, shape, and lipid partition co-effi-
cient.* Even a polar molecule can be
complexed if it contains non-polar side
chains. An optimal cyclodextrin:drug
ratio maximizes both dissolution and
redistribution speed. Dr. Tony Yaksh et
al. of the University of California at San
Diego dissolved capsaicin, a lipid-soluble
agent, in 20% 2-hydroxypropyl-R-
cyclodextrin. A “dramatic shift into the
aqueous phase was observed,” with the
lipid partition coefficient of capsaicin,
inherently less than 0.0I, rising to 2.05
when complexed with cyclodextrin.3

Cyclodextrin derivatives are consid-
ered a relatively safe, benign vehicle.
Natural cyclodextrins may form precip-
itable cholesterol complexes and should

not be used parenterally. However,
nephrotoxicity studies on the hydrox-
ypropyl-R derivative have shown it to be
well tolerated.* No production of
unusual metabolites has been observed

under normal physiological conditions.
Value in CNS Studies

The experimental utility of £-CDs is evi-
dent when delivering agents to the cen-
tral nervous system (CNS). ALZET
pumps are frequently used for CNS
delivery of agents that do not cross the
blood-brain barrier in systemic delivery.
Intrinsically, this delivery route demands
a stable, bioavailable solution with mini-
mal volume and no vehicle effect. For
these reasons, Dr. Tony Yaksh and his
group highlighted the superior ability of
R-CDs for CNS administration. Their
results demonstrated normal motor
function, nociception, EEG and general
behavior in rats injected intrathecally
with 20% hydroxypropyl-R-
c:yclodextrin.4 Unlike DMSO, the #-CD
allowed the test agent to exert full bio-
logical effect without reducing the
endogenous peptides being studied.
Yaksh et al. concluded that cyclodextrin
“represents a benign vehicle for solubi-
lizing relatively insoluble materials and
retains these agents in a bioavailable
form after intracerebral and intrathecal

administration.”*

Versatility for Agent Delivery

Cyclodextrins have been used in ALZET
pumps to effectively deliver steroid hor-
mones and other lipophilic molecules in
a stable, bioactive form. Complexation
“protects the guest molecule from loss by
evaporation, from attack by oxygen, visi-
ble and uv light, and from intra- or
intermolecular reactions.”3 Zhu etal.
supplemented testosterone in hypogo-
nadal rats using 45% 2-hydroxypropyl-
R-CD for up to eight weeks.®
Aditionally, Shrimpton et al. infused a
cortisol:cyclodextrin complex to salmon
in a receptor down-regulation study.”
Interestingly, only the continuous

administration method was capable of

Delivery
Compounds
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of

reducing the number and affinity of cor-
ticosteroid receptors without inducing
stress. Lastly, Backensfeld et al. adminis-
tered indomethacin, a non-steroidal
anti—inﬂammatory agent with a water sat-
uration solubility of 0.4 mg/ml that
undergoes hydrolysis to form various
acids.® The #-CD vehicle augmented
solubility by 175-875% depending on the
pH and protected the indomethacin
from chemical degradation. This find-
ing, corroborated by NMR proton shift
and HPLC data, led Backensfeld to con-
clude that, “R-CDs stabilize the
indomethacin considerably better [than
other vehicles].”®

Cyclodextrins are fully compatible with
ALZET pumps and are an appropriate
option for some researchers trying to
dissolve an agent for continuous infu-
sion. Additional technical information
can be found at the CTD, Inc. website:
www.cyclodex.com. Information on
additional solvents appropriate for use in
ALZET pumps is available from ALZET
Technical Support.

1. Pitha, J. Neurotransmissions
1989:5(1):1-4. Research Biochemicals
Inc., Natick, MA.

2. Pitha, J. ] Control Release
1987;6:309-313.
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4. Yaksh TL, Jang J, Nishiuchi Y, Braun
KP, Ro S & Goodman M. Life Sci
1991;48(7):623-633.

5. Pagington JS. Chemistry in Britain
1987:23:455-458.
6. Zhu L-J, Hardy MP, Inigo IV, Huh-

taniemi I, Bardin CW & Moo-Young AJ.
Biol Reprod 2000;63(2):368-376.

7. Shrimpton JM & Randall D]. Am ]
Physiol 1994;267(36):R432-R4.38.

8. Backensfeld T, Muller BW, Wiese M
& Seydel JK. Pharm Res 1990;7(5):484-
490.



(Continuedfrom page 3)

The use of adenovirus as a gene deliv-
ery vector is usually hampered by safety
concerns due to its immunogenicity,
which can destroy recipient cells and
limit gene expression. To overcome
this limitation, adenoviral vectors are
engineered to be both less immuno-
genic and replication defective by
removing specific gene regions from
the viral genome.” In a recent study,
Luebke et al. reported the use of
ALZET Osmotic Pumps for the con-
tinuous infusion of a replication-
defective adenovirus vector carrying
the f-gal gene sequence to assess gene
expression in the inner ear. The
modified adenovirus vector proved to
be effective at introducing the
reporter gene into cochlear hair cells,
with reduced toxicity, minimal
inflammatory response and preserva-

tion of cochlear function.'

The utility of lentivirus as an intra-
cochlear gene delivery vector has also
been explored.” The lentivirus vector
allows researchers to transduce both
dividing and non-dividing cells. Fur-
thermore, its larger size compared to
AAV allows it to accommodate larger
or multiple gene sequences.
Lentivirus-mediated rhGFP gene
expression was found to be limited to
the periphery of the perilymphatic
space, suggesting limited dissemina-
tion of the viral vector. This restrict-
ed transduction capacity, coupled with
its potential for establishing long-
term gene expression, makes lentivirus
an ideal vector for delivering thera-
peutic genes into cell types lining the
perilymphatic space. However, a
potential drawback of using lentivirus
in gene therapy research is the risk of
generating replication-competent
virus that may compromise the health

of the recipient host.

A safer alternative to viral vectors is
the use of non-viral vectors, such as
cationic liposomes. Although non-
immunogenic and easy to prepare on a
large scale, cationic liposomes have
low transfection efficiency and lack
tissue specificity. Nevertheless, Ware-
ing et al. demonstrated the feasibility of
using cationic liposomes to introduce
the f-gal gene into the mammalian

cochlea. Gene expression was detected

for up to two weeks after infusion,
and a range of cell types within the
cochlea were shown to contain the

gene product.™
Role of ALZET pumps

In conjunction, these studies illustrate
the feasibility of introducing and
expressing foreign genes in the
peripheral auditory system of guinea
pigs using a variety of gene vectors.
The ALZET pumps have played an
important role in the success of these
studies, allowing localized delivery of
gene vectors directly into the cochlea
while eliminating most side effects
commonly associated with systemic
administration. Additionally,
maintaining a slow, continuous
infusion of vector over time
minimizes local tissue trauma and
preserves cochlear fluid homeostasis
when compared to other microinfu-
sion techniques. Furthermore, a slow
infusion increases the contact time
between the virus and the cell, thus
enhancing transduction efficiency.IO

Improvements to the model

This model provides an excellent
means for introducing genes and
other therapeutic agents into the
inner ear, however, Lalwani etal.
reported technical difficulties result-
ing from the surgery. Analysis of the
cochlea from infused animals revealed
a relatively intact cochlear cyto-archi-
tecture in most animals, with the
exception of surgical trauma limited
to the site of catheter insertion.” %2
Hearing tests demonstrated loss at the
mid- and high frequencies, which was
attributed to the trauma from the
cochleostomy and catheter insertion.™
Interestingly, other research groups
performing related procedures have
not reported similar complications.
In fact, Leubke etal. demonstrated
preservation of cochlear function fol-
lowing pump implantation and infu-
sion of substances into the cochlea.1©
Similarly, Yamasoba et al. showed that
osmotic pump implantation did not
influence or contribute to the noise-
induced cochlear damage reported in
their study.I‘* Furthermore, it may be
possible to avoid surgical trauma in
the inner ear by using less invasive ear
catheters, such as the specialized
IntraEAR® catheters which have been

used to deliver a variety of agents (i.e.,
gentamicin and leupeptin) across the
round window membrane. For more
information about ALZET Osmotic
Pumps, please contact ALZET Techni-
cal Services. Additional information
about IntraEAR catheters can be found

at www.intraear.com.
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New Agents in the ALZET Literature

“ 4 Therapeutic Category

Are you presenting research in which
ALZET pumps were used? Let us know —
and get a FREE t-shirt! To be eligible,
email your abstract to alzet@durect.com
prior to the conference. The conference
must be one at which we are exhibiting
including AACR, Experimental

Biology, American Society for Gene Ther-
apy and more. Visit our web site for a
complete list of conferences we are attend-

ing in 2002 at www.alzet.com.

ALZET Technical Information

For technical information about
ALZET Osmotic Pumps, or for a
complimentary custom search of our
extensive bibliography, please return
the attached business reply card
or contact us:
1-800-692-2990
408-367-4036
Fax: 408-865-1406
E-mail: alzet@durect.com
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