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ABSTRACT The effect of intracerebroventricular iqjec-
tion of the mitosis inhibitor colchicine on expression ofmRNA
for nerve growth factor (NGF), brain-derived neurotrophic
factor (BDNF), and neurotrophin 3 was studied in the rat brain
with in situ hybridization. Colchicine up-regulates mRNA for
NGF and BDNF in many of the neuronal systems normally
expressing these factors. In addition, after colchicine treatment
NGF and BDNF mRNAs were localized in several brain areas
where they normally cannot be detected. Thus, NGF mRNA
was present, for example, in many motor nuclei and in the basal
forebrain, and BDNF mRNA was seen in many nuclei in the
brain stem and in catecholamine neurons, including dopame
neurons in the substantia nigra. The latter neurons have
recently been shown to be sensitive to BDNF, and the present
results show that these neurons can produce this factor them-
selves. A decrease in mRNA for BDNF and neurotrophin 3 was
seen only in the granular-cell layer of the hippocampal forma-
tion. A strong hybridization sgnal for BDNF and neurotrophin
3 mRNA was also observed over several myelinated tracts in
treated rats, supporting the hypothesis that glial cells as well as
neurons can produce these trophic factors.

The antimitotic agent colchicine is known to inhibit axonal
transport of neuroactive- compounds (1, 2) and to cause
accumulation of transmitter-storage vesicles in cell somata
(3). Subsequently colchicine has frequently been used in
immunohistochemical studies to increase levels of transmit-
ters, peptides, and related substances in cell bodies (4, 5).
Colchicine arrests axonal transport due to microtubule dis-
ruption (6). However, it has been assumed that protein/
peptide synthesis remains unaffected, leading to accumula-
tion of various compounds in the cell bodies.
More recently colchicine has been shown to have a more

complex action on neurons. For example, colchicine in-
creases c-Fos levels in many brain areas (7) and causes
changes in mRNA levels for a number of peptides, enzymes,
and other substances (8). For instance, in the cholinergic
basal forebrain system mRNA levels for choline acetyltrans-
ferase (acetyl-CoA:choline O-acetyltransferase, EC 2.3.1.6)
are lowered, whereas mRNA levels for the peptide galanin
are dramatically increased in this and many other systems (8).
A similar up-regulation of galanin mRNA levels in basal
forebrain neurons occurs after an electrolytic lesion of the
hippocampus (9). In other systems it has been proposed that
proteins up-regulated after lesions may be needed for resti-
tution and survival and that transmitter-related compounds
may be down-regulated (10). For example, the low-affinity
75-kDa nerve growth factor (NGF) receptor is up-regulated in

motoneurons after axotomy (11) and after intracerebroven-
tricular injection of colchicine (12).

During the last years much interest has been focused on
NGF (13), the first member of a family of structurally related
neurotrophic factors including brain-derived neurotrophic
factor (BDNF) (14, 15), neurotrophin 3 (NT3; also called
hippocampus-derived neurotrophic factor) (16-20), and neu-
rotrophin 4 (21). NGF, BDNF, and NT3 are all expressed in
the brain (16, 20, 22-27). Expression of NGF and BDNF in
the brain appears to be regulated by neuronal activity (28-
30), and the levels ofmRNAs for both factors show a marked
but transient increase during kindling epileptogenesis (31) as
well as after cerebral ischemia and insulin-induced hypogly-
cemia (32).
The present study was undertaken to analyze to what

extent intraventricular colchicine treatment may affect
expression of mRNAs for NGF, BDNF, and NT3. Our
results show that under these circumstances many more
neurons in the brain express these factors at detectable levels
as compared to control brains.

MATERIALS AND METHODS
Experimental Animals and Preparation of Tiue. Male

Sprague-Dawley rats (body weight 150-180 g; Alab, Stock-
holm; Instituto de Neurobiologfa, Buenos Aires) (n = 24)
were anesthetized with chloral hydrate (350 mg/kg), stereo-
taxically injected with 120 ,.g of colchicine (Sigma) in 20 p.l
of 0.9% NaCl into the lateral ventricle. Sham-operated con-
trols received 20 1.L of 0.9% NaCl. After 24-, 40-, or 48-hr
survival, treated and sham-injected animals were sacrificed
by decapitation, the brains were removed, dissected, frozen
on microtome chucks, cut at 14 pum in a cryostat, and
thaw-mounted onto ProbeOn microscope object slides.

In Situ Hybridization. The tissues were hybridized accord-
ing to published procedures (33). Synthetic oligonucleotide
probes complementary to rat NGF mRNA (nucleotides 869-
919) (34), rat BDNF mRNA (nucleotides 650-699) (23), and
rat NT3/hippocampus-derived neurotrophic factor mRNA
(nucleotides 667-717) (20) were used. The oligonucleotide
probes were labeled at their 3' end with adenosine 5'-[a-
[35S]thioltriphosphate (NEN) using terminal deoxynucleoti-
dyltransferase (IBI) to a specific activity of 1 x 109 cpm/.ug.
After fixation in 10% (vol/vol) formalin, hybridization was
done at 420C for 15 hr in a formamide solution containing
dithiothreitol, with the respective probe at 107 cpm/ml. After
being rinsed, the sections were exposed to Amersham Hy-
perfilm-,Bmax film. Films were developed and fixed, the
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sections were then dipped in Kodak NTB-3 photo emulsion,
developed, fixed, counterstained with cresyl violet, and
examined in a Nikon Microphot-FX microscope equipped
with dark- and bright-field condensors. Film autoradiograms
were quantified by microdensitometry (33). Four animals per
group and five sections per animal were analyzed. The results
are expressed as percentage value versus the control group.

RESULTS

In the following we describe the distribution of mRNA for
NGF, BDNF, and NT3 in the rat brain, with emphasis on the
localization after colchicine treatment. In this preliminary
report we will mainly focus on distribution patterns that differ
distinctly or exhibit a much stronger expression as compared
with control rats. In no cases were all cells in any of these
nuclei labeled.
NGF. In control rats NGF mRNA expression was ob-

served in the hippocampal formation, with strongly labeled
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cells in hilus ofthe dentate gyrus (Fig. 1 a and c) and scattered
positive cells in other hippocampal layers. After colchicine
treatment, an increase was seen in the number and intensity
of labeling in the polymorph layer ofthe dentate gyrus as well
as in other hippocampal cell layers, particularly in the CA3
region (Fig. 1 b and d). Hybridization could now be seen in
many other telencephalic areas, including the piriform (Fig.
2e), entorhinal, and perirhinal cortices with a particularly
strong signal in the cingulate cortex. Also the frontal cortex,
tenia tecta, and amygdaloid cortex contained NGF mRNA-
positive cells, as well as numerous large neurons in the
ventral forebrain (diagonal band nucleus, ventral pallidum)
(Fig. 2k). At the diencephalic level positive cell groups were
observed in the mediodorsal thalamic nucleus, the supra-
mammillary complex (Fig. 2g), and the mammillary nucleus.
In the lower brain stem many motor and some sensory nuclei
expressed NGF mRNA, including the motor nucleus of the
trigeminal nerve, the trochlear, facial, hypoglossal, dorsal
vagal motor nuclei, and upper spinal motor neurons. Other
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FIG. 1. Bright-field (a and b) and dark-field (c-h) photomicrographs of neurons in the dentate gyrus of control (CON) (a, c, e, and g) and
colchicine (COLCH) (b, d, f, and h)-treated rats. (a and b) Nissl-stained sections of autoradiographs shown in c and d, where probes for NGF
(c and d), BDNF (e and f), and NT3 (g and h) mRNAs were used. Large arrowheads point to CA3; small arrowheads show cells in hilus (Hi)
region. (Bar = 100 um.)
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FIG. 2. Dark-field (a-c, e, g, i, j, and n) and bright-field (d, f, h, and k-m) photomicrographs from colchicine-treated rats hybridized with

NGF (a, c, e, and k) or BDNF (b, g, i, j, and i-n) probes in the supramammillary region of the hypothalamus (a and b); mesencephalic nucleus
of the trigeminal nerve (c and d); hypoglossal nucleus (e andf); piriform cortex (g and h); locus coeruleus (between curved arrows) (i); basal
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positive nuclei were the mesencephalic trigeminal nucleus
(Fig. 2c), the pontine reticular and reticulotegmental nuclei,
the superior and inferior olive, large neurons in the medullary
reticular formation, the nucleus raphd magnus, the giganto-
cellularis reticular nucleus including its pars alpha, the lateral
reticular nucleus, and the solitary tract nucleus.
BDNF. In the telencephalon BDNF mRNA-expressing cell

bodies were seen in many areas of control rats. In the
hippocampal formation a distinct signal was seen in the CA1,
CA2, and CA3 regions, the granular cell layer, as well as in
single cells in the hilar region (Fig. le). Positive cells were
found in neocortical regions, in the prefrontal cortex, the
amygdaloid cortex, tenia tecta, and the piriform cortex. Also
the anterior olfactory nucleus and the amygdaloid complex
showed a distinct hybridization. At the diencephalic level
positive cells were found in the medial tuberal nucleus,
supramammillary region, and in the mediolateral thalamic
nucleus. In the lower brain stem positive cells were observed
in the locus coeruleus, the ventrolateral medulla oblongata,
and in the inferior olive complex. After colchicine treatment
a marked increase was observed in many areas containing
BDNF mRNA in control rats, and many new positive cell
groups were encountered. At the telencephalic level there
was a marked up-regulation in the CA1, CA2, and CA3 in the
hippocampus, and the number and intensity of the labeling of
the hilar cells markedly increased. However, the number of
grains overlying the granular cell layer decreased (Fig. lf).
The quantitative evaluation revealed a >3-fold increase in the
CA3 region (Fig. 3). Areas with strong up-regulation were the
piriform (Fig. 2g), deep perirhinal, cingulate, frontal, and
parietal cortex (layers 2, 3, and 6), and the supramammillary
region (Fig. 2b). New cell groups were observed in the
amygdalohippocampal area and in the basal forebrain (diag-
onal band nucleus; few cells) and in diencephalic areas in
many hypothalamic and thalamic nuclei (paraventricular
nucleus, ventromedial nucleus, posterior hypothalamic area,
parafascicular nucleus, midline thalamic areas, paraventric-
ular thalamic, and the subthalamic nuclei). At the mesen-
cephalic level positive cells were seen in the substantia nigra,
and in the lower brain stem positive cells were seen in the
mesencephalic sensory trigeminal nucleus, the pontine nu-
clei, the pontine reticular formation, the periaqueductal cen-
tral grey, including the dorsal raphe nucleus, the dorsal and
ventral parabrachial nuclei, the raphe magnus nucleus, the
gigantocellular reticular nucleus, including its pars alpha, the
solitary tract nucleus (Fig. 2j), the medullary reticular for-
mation, the lateral reticular nucleus, the gracile nucleus, the
external cuneate nucleus, inferior olive complex, and in a few
neurons in several motoneuron groups (facial nucleus, am-
biguus nucleus, motoneurons in upper cervical cord) as well
as in cells in the region of catecholamine groups Al, A2, AS,
and A6 (locus coeruleus), C1, and C2/C3. Finally, higher
than background signal was observed over many myelinated
tracts including the lateral olfactory tract, the myelinated
bundles traversing the striatum, corpus callosum, and the
pyramidal tracts.
NT3. NT3 mRNA was essentially confined to the hippo-

campal formation and cerebellum in control animals with a
strong signal over the granular layer of the cerebellum
(parafloccular lobe) and of the dentate gyrus (Fig. lg),
presumably part of CA2 and medial CAL. After colchicine
treatment there was a strong reduction in labeling over the
hippocampal granular layer (Fig. lh). A distinct hybridiza-
tion was seen over many myelinated tracts such as optic

O] Control

In Coichicine

0
-

0

0-

LL
z
0m

CA I CA2 CA3 G.C.

FIG. 3. Analysis of colchicine effect on BDNF mRNA in pyra-
midal cell layers CA1, CA2, CA3, and granular-cell layer (G.C.) of
the dentate gyrus in the hippocampal formation. Data are expressed
as percentage of controls (mean ± SEM).

nerves, corpus callosum, and myelinated bundles in the
caudate nucleus.

DISCUSSION
The present results confirm several earlier studies showing
marked differences between the number of neurons in the
brain of untreated rats expressing the mRNA for NGF,
BDNF, and NT3, whereby BDNF exhibits the most exten-
sive distribution patterns (20-26, 35, 36), and NT3 has a very
limited occurrence (20, 24, 25, 35). We here demonstrate a
somewhat more detailed study on BDNF mRNA in the lower
brainstem of untreated rats than in previous reports. The
main finding of the present paper is, however, that treatment
with colchicine at a high dose markedly up-regulates mRNA
levels for both NGF and BDNF. Lower mRNA levels than in
control rats were only seen in the granular-cell layer in the
hippocampus, where mRNAs for both NT3 and BDNF
markedly decreased, perhaps related to colchicine-induced
degeneration of the granule cells (37).
NGF mRNA could be demonstrated in many more regions

after colchicine treatment than in control rats. These regions
included several cortical areas (piriform, entorhinal, perirhi-
nal, amygdaloid cortices), the supramammillary region, and
some other thalamic nuclei, numerous nuclei in the lower
brainstem, including motor nuclei as well as raphd and
reticular gigantocellular neurons, and the mesencephalic
sensory trigeminal nucleus. Although BDNF mRNA was
more extensively expressed in control rats than were NGF
and NT3 mRNAs, as reported earlier (24-26), we also saw a
marked increase in number of cells and intensity of labeling
after colchicine treatment with >3-fold increase in BDNF
mRNA in the CA3 region of the hippocampus. Areas with
BDNF-positive cells included cortical, subcortical, and many
brainstem nuclei. A particularly impressive up-regulation
was seen in systems in the piriform cortex, supramammillary
region, dorsal thalamic midline areas, and several other
thalamic, hypothalamic, pontine, and medullary nuclei.
Somewhat surprising was the strong hybridization signal over
several myelinated tracts for both BDNF and NT3 mRNA
after colchicine. Expression of NGF mRNA in central ner-
vous system glia has recently been reported by Lu et al. (38).
It is, therefore, possible that not only neurons, but in the case
of BDNF and NT3, also glial elements express mRNA for

amygdaloid nucleus (curved arrow) (j); nucleus of the diagonal band (k); reticular gigantocellular nucleus (1); lateral reticular nucleus (m), and
the striatum, where arrowheads surround a bundle of myelinated axons (n). The c and d pair, e andfpair as well as the g and h pair represent,
respectively, the same sections under dark-field or bright-field illumination to show cellular labeling (arrows). fin, Fasciculus mammillotha-
lamicus; *, central canal; *, fourth ventricle. [Bars = 50 tim (a = b = g = h = i = i = n), (c = d), (e = f), (k = 1 = m).]
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growth factors under conditions of severe stress as a survival
reaction.
BDNF mRNA can be detected transiently postnatally in

several cortical regions and in brainstem areas including
substantia nigra and the nucleus raphd magnus/gigantocel-
lular reticular nuclei (39). Interestingly colchicine treatment
of adult rats can induce a reexpression of BDNF mRNA in
these regions. Further evidence for plasticity of BDNF and
NGF mRNA expression in the brain has been obtained from
studies showing that kindling induced by electrical stimula-
tion in the hippocampus leads to a marked and transient
increase in mRNA for NGF and BDNF in several cortical
regions, whereas no effect was seen on levels ofNT3 mRNA
(31). Moreover, the levels of BDNF and NGF mRNAs show
a transient increase in the dentate gyrus after cerebral ische-
mia and insulin-induced hypoglycemia (32). However, in
contrast to expression after. colchicine administration, these
treatments appear to only increase NGF and BDNF mRNA
in areas of the brain that express these factors in untreated
animals.
BDNF mRNA was found in several noradrenaline (A6) and

dopamine neurons of colchicine-treated rats. The localization
of BDNF mRNA in dopamine neuron is interesting because
recent studies have shown that BDNF supports the survival
of dopaminergic neurons of the substantia nigra in culture
(40, 41) and because BDNF mRNA is expressed transiently
postnatally in these neurons (39). The present study also
shows that in colchicine-treated rats large neurons in the
basal forebrain express NGF mRNA. It is possible that these
neurons belong to the cholinergic basal forebrain neurons
(42), which are known to have NGF receptors (43, 44) and to
take up and retrogradely transport NGF (45, 46). In fact,
extensive studies have shown that NGF is a trophic factor for
these neurons (47). In the adult brain NGF has so far been
shown to be synthesized only in the target areas of these
neurons, such as the hippocampus (34, 48, 49), whereas NGF
mRNA has been detected by Northern (RNA) blot in em-
bryonic basal forebrain tissue (50). The present results sug-
gest that these neurons after colchicine treatment can pro-
duce this factor themselves, opening up the possibility of an
autocrine/paracrine mode of trophic stimulation by NGF in
the basal forebrain after colchicine treatment, as may be so
also for BDNF and catecholamine neurons. In agreement
with this hypothesis Pioro and Cuello (12) showed with
immunohistochemistry increased levels of the low-affinity
NGF receptor after colchicine treatment, for example, in
many motor nuclei in the brainstem, such as the facial and
hypoglossal nuclei-that is, nuclei that express NGF mRNA
after colchicine treatment. Taken together, the possibility
therefore exists that a trophic factor does not necessarily
have to be produced in the target areas of sensitive neurons
and then be retrogradely transported to the cell body but that
the trophic factor could act directly on the cell in which it is
produced. This mechanism would provide a fast and efficient
way to obtain growth and survival-promoting effects.
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