at a time when the atmospheric level of this
isotope was high. The authors previously
tested the validity of their approach in other tis-
sue samples known to be renewable (intestine
and skeletal muscle) and showed that the tech-
nique detected *C accurately in these cells,
even in specimens collected 50 years after
DNA replication had occurred (/7).

In the present study, the authors found
numerous '*C-positive nonneuronal cell types,
such as glial and endothelial cells, in all cortical
specimens. However, no neurons were labeled
in the several structurally and functionally dis-
tinct areas of the frontal, parietal, temporal, and
occipital lobes of the neocortex of adult speci-
mens. For optimal precision, the authors exam-
ined more than 100 million cells in most sam-
ples. Because “C assays theoretically may
leave a minute number of labeled cells unde-
tected, the authors also labeled DNA with 5-
bromo-2'-deoxyuridine (BrdU, a thymidine
analog) in cortical tissue from volunteers
afflicted with terminal cancer. These patients
were injected with BrdU and died between 4
months and 4 years afterward. Although corti-
cal tissue from these patients exhibited labeling
of neuronal and nonneuronal cells (glial and
granule cells, respectively) in the hippocampus
(12), none of the labeled cells in neocortical tis-
sues were neurons.

The lack of addition of new neurons to the
adult human neocortex agrees with the pro-
gressive decrease in adult neurogenesis that
occurred during evolution. Although it was
shown that new neurons are added to the mam-
malian hippocampus and olfactory bulb (/3)
in nonhuman primates, their number is both
relatively and absolutely smaller than in
rodents (14, 15), and the migratory stream that
supplies neurons to the olfactory bulb is absent
and/or undetectable in the adult human (/6).
The decrease in neurogenesis in adult primates
contrasts with the large addition and/or
renewal of neurons in the brains of nonmam-
malian vertebrates such as fish, frogs, reptiles,
and birds, which usually correlates with their
capacity for regeneration (/3). Why is such a
useful capacity lost during mammalian evolu-
tion? One hypothesis is that preservation of
acquired information within a permanent pop-
ulation of cortical neurons may be more valu-
able for the survival of an organism than the
introduction of “naive” neurons that have not
been exposed to experience (/7). Thus, lack of
neurogenesis in the cerebral cortex may be a
critical step in the evolution of mental prowess
in Homo sapiens.

The absence of neurogenesis in the adult
human cortex is not a reason to decrease
research efforts that seek ways of replacing
neurons lost due to trauma, stroke, infection,
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degeneration, or aging. Various therapies,
including cell transplantation, are being
explored precisely because neurons are not
normally regenerated. However, at present,
we lack the knowledge of how to direct
endogenous or transplanted neural stem cells
to their desired position, and to assume their
correct phenotype, functionality, and ability
to form cellular connections. Accumulating
evidence suggests that the timing of neuron
formation, laminar specificity, and pheno-
types of cortical neurons are encoded within
lineages of individual progenitor cells in the
ventricular zone (/8), making transplantation
of stem cells a formidable task. Furthermore,
the resistance of mature neurons to multipli-
cation appears to be so powerful that, remark-
ably, no malignancy of mature neurons has
occurred spontaneously or been induced by
carcinogens in the adult cortex, although
glioma and other types of brain tumors are
frequent. Thus, identification of the mecha-
nism that inhibits neuronal proliferation in
the adult cortex may provide new insight into
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how to prevent unwanted cell divisions in var-
ious carcinomas.
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Dendrimers at Work

Brett Helms and E. W. Meijer

Highly branched dendrimer molecules are being used increasingly for such biomedical
applications as molecular imaging and drug delivery.

endrimers are synthetic polymers
D with a highly branched architecture

and nearly perfect molecular struc-
ture (see the figure). They are identical,
monodisperse macromolecules that expose
many end groups at their globular periphery.
In academic laboratories, dendrimers have
been used as light- and energy-harvesting
materials, for drug delivery, as catalysts, and
in optoelectronic applications. Yet they have
not been widely introduced commercially.
This situation is about to change, with several
dendrimers now entering the market.

Paul Flory first envisaged dendrimers in
1941 (7), but four decades passed before
chemists could produce these materials with
high precision (2—4). These early dendrimers
were prepared in an iterative sequence of steps
to achieve growth and branching, starting
from a central core unit; this approach would
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later be termed “divergent.” A paradigm shift
occurred in the early 1990s, when Hawker et
al. constructed dendritic materials from the
periphery inward (5). This “convergent”
approach provided access to dendrimers of
unprecedented purity and offered greater con-
trol over the placement of functional groups in
the macromolecule than could be achieved
with divergent methods.

Since then, many new dendrimers have
been reported, using both divergent and con-
vergent synthesis methods (6), but commer-
cialization has been slow to follow. It was
not until 1993 that de Brabander-van den
Berg et al. described a divergent industrial-
scale synthesis that allowed the preparation
of kilogram quantities of the poly(propylene
imine) dendrimer (7).

Today, a wide range of dendrimers are
commercially available and tuned for specific
applications. However, for large-scale applica-
tions, the focus has switched to hyperbranched
polymers, which are easy to manufacture.
They share some of the key properties of den-
drimers, including a large number of end
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groups and a globular conforma-
tion, but have an ill-defined micro-
structure with irregular branches.
They are increasingly used in coat-
ings, as viscosity mediators, and to
prevent gas hydrate—ice crystal for-
mation in oil pipelines (8). For such
bulk applications, hyperbranched
polymers are more cost-effective
than dendrimers and have become
the industry standard.

For smaller scale applications,
especially in the biomedical sector,
many companies have continued to
develop products based on den-
drimers. With their unique and per-
fect molecular composition, den-
drimers are more likely than other
polymers to meet the strict regula-
tory requirements for polymer-
based materials intended for use in
humans. Moreover, the biocompat-

ibility and toxicity of dendrimers
can be regulated by synthesis, espe-
cially through the judicious choice
of functional groups at the periphery (9).

For example, Starpharma (Australia) has
used a dendrimer as the active pharmaceutical
ingredient in VivaGel, a topical vaginal micro-
bicide for HIV prevention (/0). Their polyly-
sine dendrimer displays 32 naphthalene disul-
fonate units at its periphery. The dendrimers
prevent infection by binding to receptors on
the viral coat of HIV-1, which in turn prevents
the virus from entering target cells. VivaGel
has entered phase II clinical trials in humans.
The company expects to introduce the product
to the market by 2008.

Dendrimers have also been used to
improve existing molecular imaging tech-
nologies. Schering AG (Germany) introduced
Gadomer-17 as a magnetic resonance imag-
ing (MRI) probe. The polylysine dendrimer is
functionalized at its periphery with gadolin-
ium chelates, which act as intravascular con-
trast agents. Gadomer-17 has been particu-
larly effective in magnetic resonance angiog-
raphy and tumor differentiation, because its
moderate size limits the material to the vascu-
lar space and slows renal clearance.

Building on the success in MRI contrast
agents, self-assembly may play an increas-
ingly important role in emerging technologies
for molecular imaging. Encapsulation of
guest molecules in dendrimers via self-assem-
bly was first demonstrated more than 10 years
ago (11). Since then, researchers in biomed-
ical imaging have used the void spaces within
dendrimers to localize contrast agents for
MRI. Guest molecules have included para-
magnetic gadolinium chelates, such as

Dendrimer structure. The molecular structure of a dendrimer resembles a tree.
The globular molecules expose many end groups at their periphery.

Magnevist (1/2), and molecular cages for
localizing polarized xenon, a relatively new
contrast agent (/3). In these applications, the
contrast agent is bound to a generic, nontoxic
dendrimer through relatively weak noncova-
lent interactions. The assembly must be stable
only for the duration of the MRI experiment,
after which the assembly falls apart into non-
toxic species that can be easily filtered
through the kidneys.

Encapsulation of guest molecules in den-
drimers can also be used to deliver therapeutic
agents throughout the body. The dendrimer
can improve the solubility, efficacy, toxicity,
and targeting ability of many drugs. For exam-
ple, Dendritic Nanotechnologies uses the
voids in a polyamidoamine dendrimer to host
cisplatin or carboplatin anticancer drugs (/4).
The dendrimer-drug conjugates are active
against aggressive tumor models that are
resistant to cisplatin at its maximum tolerated
dose via intravenous administration. They are
less toxic than the unbound drug, water solu-
ble, and stable on storage.

In 1993, Szoka and co-workers showed that
dendrimers can be used as vehicles to introduce
a gene into a cell (5). In this case, positively
charged dendrimers cause negatively charged
DNA to condense into highly compact struc-
tures, resulting in supramolecular assemblies
that can be delivered to cells (/6). Commercial
kits using similar cationic dendrimer-based
materials are available from Qiagen (Germany).
Their SuperFect reagent should provide the
means for various high-throughput transfection
schemes that use recombinant DNA technol-

ogy for drug discovery and devel-
opment (17-19).

Dendrimer formulations used in
humans must conform to current
Good Manufacturing Practice
(cGMP) to ensure the correct iden-
tity, strength, quality, and purity.
These regulatory hurdles are often
difficult to overcome. In contrast,
some ex vivo applications can enter
the market quite rapidly. For exam-
ple, Dade Behring has used den-
drimer technology in a biosensor
for cardiac markers. Their Stratus
CS provides quantitative determi-
nation of chemical indicators of
impending heart damage from
whole blood or plasma within 15
min with excellent sensitivity and
reproducibility (20). The U.S. Army
Research Labs are exploring simi-
lar techniques for anthrax detection
(21). Dendrimer technology has
also moved beyond the life sci-
ences. Cambridge Display Tech-
nology has developed an energy-efficient den-
drimer-based diode that emits red light (22).

As specialty polymers, dendrimers can be
prepared with the precision of small organic
molecules, yet they behave like macromole-
cules. Early successes in dendrimer technol-
ogy have relied on covalent modification of
dendrimers to generate active pharmaceutical
ingredients. In the future, more products may
use the encapsulation of biologically active
agents in dendrimers. Formulations based on
simple universal dendrimers may conform
more easily with regulations and may be the
key to the further success of these materials.
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