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Ample evidence indicates that in nerve cells, several indi- 
vidual proteins are locally synthesized in postsynaptic do- 
mains in dendrites. By contrast, axonal terminals, at least in 
mammals, are generally thought to lack protein synthetic 
capacity. However, axonal nerve endings of the hypothala- 
mo-neurohypophyseal tract have recently been shown to 
contain mRNAs encoding vasopressin, oxytocin, dynorphin, 
and neurofilament. In this report, we identify BCl RNA, a 
small RNA polymerase Ill transcript that is specifically ex- 
pressed in neurons, in hypothalamo-neurohypophyseal ax- 
ons. BCl RNA has previously been shown to be located in 
somatic and dendritic domains of various types of neurons 
in the rat nervous system. Here we present evidence to show 
that BCl RNA, like several neuropeptide mRNAs, is axonally 
transported from magnocellular hypothalamic neurons to 
neurosecretory nerve endings in the posterior pituitary. BCl 
RNA, which has been reported to be a component of a ri- 
bonucleoprotein particle, is thus colocalized with dendritic 
mRNAs in dendritic domains and with axonal mRNAs in ax- 
onal domains, respectively. Such colocalization is indicative 
of functional interactions of BCl RNA with those mRNAs that 
are targeted to extrasomatic domains of nerve cells. 

[Key words: axonal RNA, hypothalamus, neurosecretory 
terminals, pituitary, in situ hybridization, RNA transpoti] 

A foremost concern in cell biology has been to understand how 
individual cellular components are directed to their respective 
local target sites. While classical concepts emphasize a specific 
transport and targeting of proteins, recent evidence indicates 
that the subcellular location of a number of proteins may be the 
result of local translation of their respective mRNAs. Differ- 
ential intracellular sorting and targeting of specific RNAs has 
now been demonstrated in a variety of eukaryotic cell types. 
Such cells include, among others, oocytes, fibroblasts, epithelial 
cells, endothelial cells, and several types of glial cells (for ex- 
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amples, see Colman et al., 1982; Lawrence and Singer, 1986; 
Melton, 1987; Trapp et al., 1987; Webster et al., 1987; Berleth 
et al., 1988; Cheng and Bjerknes, 1989; Sarthy et al., 1989; 
Ephrussi et al., 1991; Hoock et al., 1991; Rim-Ha et al., 1991; 
Trimmer et al., 1991; Gavis and Lehmann, 1992). In these 
examples, various mRNAs have been shown to be colocalized 
with their cognate proteins in cellular domains where these pro- 
teins function, and such colocalization has been taken to indicate 
local “on-site” synthesis of those proteins. Direct mRNA trans- 
port has been documented in some of these cases, and “local- 
izer” sequences have been identified within the 3’ untranslated 
regions of some of those mRNAs (for review, see Kislauskis 
and Singer, 1992). 

In nerve cells, various types of RNA have been shown to be 
located in dendritic domains: ribosomal RNAs (R. Kleiman, G. 
Banker, and 0. Steward, personal communication); BCl RNA, 
a neuron-specific RNA polymerase III transcript (Tiedge et al., 
199 1, 1992; see also below); and several mRNAs. Although 
most mRNAs in neurons seem to be restricted to the perikarya, 
a limited number of neuronal mRNAs have been identified in 
dendritic domains. These include the mRNA encoding the den- 
dritic form of microtubule-associated protein 2 (MAP2a/b; see 
Garner et al., 1988; Bruckenstein et al., 1990; Kleiman et al., 
1990) and the mRNA encoding the a-subunit of Ca2+/calmo- 
dulin-dependent protein kinase type II (CaM-KII; see Burgin et 
al., 1990; Benson et al., 199 1). In addition, the mRNA for the 
amyloid precursor protein (APP) has been detected in proximal 
dendritic domains of developing hippocampal neurons in cul- 
ture (Stronget al., 1990) and the mRNAencoding brain-derived 
neurotrophic factor (BDNF) has recently been identified in 
proximal dendritic segments of dentate granule cells during post- 
natal development (Dugich-Djordjevic et al., 1992). Active pro- 
tein biosynthesis has been demonstrated in preparations of syn- 
aptosomes (also referred to as “synaptodendrosomes”; Rao and 
Steward, 199 1) as well as in preparations of dendrites that had 
been physically isolated from hippocampal neurons in culture 
(Torre and Steward, 1992). The combined evidence thus sup- 
ports the concept of local translation in dendrites, a design that 
may enable neurons to synthesize selected dendritic proteins 
close to postsynaptic sites where they are required (see Steward 
and Banker, 1992, for review). 

While dendritic protein synthesis appears to be a rather ubiq- 
uitous design that may be employed by many different types of 
nerve cells, it is generally believed that mammalian axons, ex- 
cept in their most proximal segments, are devoid of protein 
synthetic machinery and would thus rely on import, via axo- 
plasmic transport, of proteins from the cell body (for reviews, 
see Ginzburg, 199 1; Steward and Banker, 1992). There may, 



The Journal of Neuroscience, October 1993, 13(10) 4215 

however, be exceptions to this rule. Vasopressin, oxytocin, 
dynorphin, and neurofilament mRNAs have been detected in 
the posterior (neural) lobe of the pituitary (Murphy et al., 1989; 
Jirikowski et al., 1990; Lehman et al., 1990; McCabe et al., 
1990; Mohr et al., 199 1; Mohr and Richter, 1992) and in the 
infundibular stalk (Jirikowski et al., 1990; Mohr et al., 199 1; 
Mohr and Richter, 1992). Following physical disconnection of 
the hypothalamo-neurohypophyseal tract, vasopressin- and 
oxytocin-encoding transcripts (only these mRNAs were ana- 
lyzed) could no longer be detected in the posterior pituitary 
(Mohr et al., 1990). Similarly, the accumulation of vasopressin 
mRNA in the posterior pituitary could be prevented by intra- 
cerebroventricular injection of colchicine (Levy et al., 1990). 
Intron analysis indicated that non-neuronal cells of the posterior 
pituitary were devoid of primary vasopressin and oxytocin tran- 
scripts (Mohr et al., 199 1). These data thus strongly suggest that 
several mRNAs, including neuropeptide-encoding transcripts, 
are axonally transported to the neurosecretory terminals in the 
posterior pituitary. 

We have recently reported the dendritic location of BC 1 RNA, 
a short nontranslatable RNA polymerase III transcript (Tiedge 
et al., 199 1, 1992). BCl RNA is expressed almost exclusively 
in nerve cells (DeChiara and Brosius, 1987; McKinnon et al., 
1987; Tiedge et al., 199 1) where it is located in somatic and/or 
dendritic domains (Tiedge et al., 199 1, 1992). Recent data (Ko- 
bayashi et al., 199 1, 1992; Cheng et al., 1992) indicate that BC 1 
RNA is complexed with proteins to form a ribonucleoprotein 
particle (RNP), and it has been suggested that the BCl RNP 
operates in dendritic domains of neurons, assisting in local pro- 
tein synthetic mechanisms. Here we present evidence that BCl 
RNA is transported along the hypothalamo-neurohypophyseal 
tract to axonal nerve endings in the posterior pituitary. Colo- 
calization of BCl RNA with several neuronal mRNAs in such 
terminals further supports the notion of BC 1 RNA participating 
in translation-related processes in extrasomatic domains of nerve 
cells. 

Materials and Methods 
Animals. For routine in situ hybridization, pituitaries were prepared 
from adult male Wistar and adult male Sprague-Dawley rats, with iden- 
tical results. Adult male PanWistar rats were used to generate experi- 
mental diabetes insipidus. In this paradigm, hypothalamo-neurohy- 
pophyseal tracts were physically disconnected by paired electrical lesions, 
as described earlier (Thorn et al., 1965; Mohr et al., 1990). Briefly, the 
tip of a unipolar electrode was placed midway between the optic chiasm 
and the ventromedial nuclei, the other electrode being placed in the 
rectum. A lesion was produced by applying 34 mA for 20 sec. The 
same procedure was performed on the other side. Lesion procedures 
were repeated after 10 d. For sham operations, animals were subjected 
to the same procedure, except that no current was applied. For this 
study, a total of six animals was operated: three animals were lesion 
operated, and three animals were sham operated. Daily water con- 
sumption was monitored, and diuresis and urine osmolality were mea- 
sured in metabolic cages. Animals were killed 10 d after the second 
operation. Tissue from nonoperated, sham-operated, and lesion-oper- 
ated animals was processed for in situ hybridization as described earlier 
(Tiedge, 199 1; Tiedge et al., 199 1). Sections were also generated for 
immunocytochemical control experiments in which an antibody di- 
rected against vasopressin (ICN Biochemicals) was used to confirm the 
elimination of vasopressin containing axons in posterior lobes of lesion- 
operated animals and the survival of such axons in posterior lobes of 
sham-operated animals. An antibody against glial fibrillary acidic pro- 
tein (GFAP, Boehringer Mannheim) was used to confirm the presence 
of GFAP-positive pituicytes in the posterior lobes of normal, sham- 
operated, and lesion-operated animals. 

In situ hvbridization. 3H- and %-labeled RNA probes were used in 
this study. Sense and antisense probes specific for BCl RNA were gen- 

erated from plasmid pMK1 (Tiedge et al., 1991). Probes for higb-mo- 
lecular-mass MAP2 mRNA were generated as described by Kleiman et 
al. (1990); the antisense probe recognizes specifically the dendritic mRNA 
for high-molecular-mass MAP2, but not the mRNA for low-molecular- 
mass MAP2 (Gamer et al., 1988). Probes for GAP-43 (growth-associ- 
ated protein 43) mRNA were generated as described earlier (Tiedge et 
al., 1991). In situ hybridization was performed as described (Tiedge, 
199 1; Tiedge et al., 1991). Prehybridization and hybridization were 
carried out at 50°C. Tissue sections were exposed to autoradiographic 
NTB2 emulsion (Eastman Kodak) for the times indicated in the figure 
captions. 

Results 
In the adult rat brain, BCl RNA was detected at significant 
levels in several hypothalamic nuclei. In the supraoptic nucleus 
(SON), in situ hybridization with probes specific for BCl RNA 
produced a massive labeling signal (Fig. IA), making the SON 
in fact one of the most intensely labeled areas of the rat brain. 
Magnocellular neurons in the SON extend axons to the posterior 
lobe ofthe pituitary (Palay, 1957). The BCl hybridization signal 
was seen overlying both cell bodies and neuropil areas (Fig. 1A). 
The observed labeling pattern in the SON thus suggests that 
BCl RNA is distributed to somatic and dendritic domains of 
nerve cells, similar to the general distribution in other areas of 
the adult rat brain (Tiedge et al., 199 1). Adjacent white matter 
areas of the optic nerve showed comparatively little specific 
labeling (Fig. 1A). Significant BCl hybridization, albeit at levels 
slightly lower than in the SON, was also observed in the para- 
ventricular hypothalamic nuclei, where both magnocellular and 
parvocellular elements contribute to the labeling signal (not 
shown). 

In the pituitary, strong BCl labeling intensities were detected 
only in the posterior lobe (Figs. l&F). Little specific labeling 
was evident in the anterior lobe, and only a few isolated cells 
in the intermediate lobe, often in the vicinity of blood vessels, 
were labeled above background (data not shown). In the pos- 
terior lobe, autoradiographic silver grains indicating the pres- 
ence of BCl RNA appeared to be clustered in discrete areas 
(Fig. 1E). Such clusters were prominent in areas distal to pi- 
tuicyte cell bodies; significantly fewer silver grains were ob- 
served directly overlying pituicyte perikarya (pituicytes are as- 
trocyte-like glial cells in the posterior pituitary; see Wittkowski, 
1986, for review). Clusters ofautoradiographic silver grains were 
often seen in the vicinity of blood vessels. Such areas are fre- 
quented by axons of hypothalamic magnocellular neurons (Pa- 
lay, 1957), and grain clusters may represent collections of axons 
that are enriched in BCl RNA. In contrast to BCl RNA, little 
or no specific labeling could be detected in the posterior pituitary 
with a probe against dendritic MAP2 mRNA or with a probe 
against GAP-43 mRNA (Figs. 1 G-Z). A low but significant la- 
beling signal indicating the presence of MAP2 mRNA was, how- 
ever, evident in the intermediate lobe (Fig. 1G). Both MAP2 
mRNA and GAP-43 mRNA were detectable at substantial lev- 
els in hypothalamic nuclei, including supraoptic and paraven- 
tricular nuclei (not shown); while GAP-43 mRNA was restricted 
to neuronal perikarya, MAP2 mRNA labeling was also detect- 
able in neuropil areas. 

Neurosecretory nerve endings in the posterior pituitary are 
often in contact with pituicyte processes and are sometimes 
physically engulfed by them, in particular during periods of low 
hormone release (Tweedle and Hatton, 1980a,b). An unequiv- 
ocal attribution of autoradiographic BCl labeling signal to ax- 
onal processes in the posterior pituitary is therefore difficult 
when based on the light microscopic inspection of pituitary 
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Figure 1. Expression of BCl RNA in the hypothalamo-neurohypophyseal system. White silver grains result from emulsion autoradiography and 
indicate labeling intensities. Probes were either ?S-labeled (A, D-Z) or ‘H-labeled (B and C). A, BCl RNA labeling in the SON and in the optic 
nerve; epiluminescence photomicrograph. B and C, BCI labeling in the median eminence; B, dark-field photomicrograph; C, bright-field photo- 
micrograph. Open arrow3 in C demarcate the zona intema. 3V, third ventricle. D-Z, Sections through the intermediate (I) and posterior (P) lobe 
of the pituitary. D, BCl RNA sense-strand control. E and F, BCl RNA labeling; E, dark-field optics; F, bright-field optics. Note the clustered BCl 
RNA labeling signal (marked by asterisks in F). G, dark-field photomicrograph, showing the labeling pattern of high-molecular-mass MAP2 mRNA. 
In addition, MAP2 mRNA was detected in the anterior lobe at appreciable levels (not shown). H, dark-field photomicrograph, showing the labeling 
pattern of GAP-43 mRNA. I, dark-field photomicrograph, GAP-43 mRNA sense-strand control. MAP2 mRNA sense-strand controls revealed 
equally low background levels (not shown). Exposure times: A, 4 d; B and C, 2 1 d, D-F, 7 d; G, 2 1 d; Hand Z, 40 d. Sections were counterstained 
with cresyl violet. Microscopes: Leitz Orthoplan (epiluminescence optics) and Nikon Microphot-FX (dark-field and bright-field optics). Scale bar, 
15 Nrn for A, 45 pm for B-Z. 

sections alone. For this reason, we probed cross sections through 
the neural stalk for the presence of BCl RNA. The neural stalk 
contains the shafts of hypothalamo-neurohypophyseal axons, 
and BCl RNA should be detectable along these shafts if it is 
axonally transported to the nerve endings in the posterior pi- 
tuitary rather than being synthesized locally by pituicytes or 
other non-neuronal cells. As shown in Figure 1, B and C, BC 1 
RNA was indeed detected in the median eminence, although 
labeling intensities were significantly lower than in either the 
SON or the posterior pituitary. Labeling was strongest in the 
central zona intema of the median eminence; little specific la- 
beling was observed in the peripheral zona extema. Most hy- 
pothalamo-neurohypophyseal axons are contained in the zona 

intema (Holmes and Ball, 1974; Wittkowski, 1980). Our ob- 
servations are also consistent with a previous report that has 
demonstrated that axonally transported vasopressin mRNA is 
concentrated in the zona intema (Mohr et al., 1991). 

While these data indicate that hypothalamo-neurohypophy- 
seal axons contain BC 1 RNA, they do not rule out the possibility 
that other, non-neuronal elements in the neurohypophysis may 
also contribute to the labeling signal. We therefore disconnected 
the hypothalamo-neurohypophyseal tract in vivo in order to 
determine whether BCl RNA is present exclusively in axonal 
nerve endings or also in non-neuronal cells such as pituicytes. 
Neurosecretory axons have been shown to disappear completely 
from the posterior pituitary within 10 d after such disconnec- 
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Figure 2. Disconnection of the hypothalamo-neurohypophyseal tract: distribution of BC 1 RNA in sham-operated rats (A. B) and in lesion-operated 
rats (C and D, E and F). A, C, E, Dark-field photomicrographs; B, D, F, bright-field photomicrographs. White autoradiographic silver grains in the 
dark-field ahotomicrorruohs indicate BC 1 labeling intensities. C and D. and E and Fare from two indenendentlv lesion-onerated animals. Exnosure 
times: A and B, 7 d; E-F, 2 1 d. C-F were exposed three times longer than A and B in order to demonstrate the lack of specific BCl labelingin the 
posterior lobe. A slight increase in BC 1 expression levels in some cells of the intermediate lobe may be due to denervation, for example, due to a 
loss of inhibitory input (see also Seger et al., 1987). Morphological changes in the posterior lobe following disconnection of the neural stalk are 
discussed by Dellman (1973). Z, intermediate lobe; P, posterior lobe. Sections were counterstained with cresyl violet. Nikon Microphot-FX. Scale 
bar, 45 pm.- 

tion, leaving only non-neuronal components such as glial-like 
pituicytes, perivascular cells, and connective tissue (Dellman et 
al., 1973; Lightman et al., 1983; for reviews, see Dellman, 1973; 
Wittkowski, 1980). 

Hypothalamo-neurohypophyseal tracts were physically dis- 
connected in vivo as described in a previously established elec- 
trical lesion protocol (Thorn et al., 1965). Experimental diabetes 
insipidus was ascertained, and the complete loss of vasopressin- 
containing axons from the posterior lobe was confirmed as de- 
scribed in Materials and Methods. Ten days after the second 
operation, animals were killed, and pituitaries were dissected 
and processed for in situ hybridization (Fig. 2). In pituitaries of 
lesion-operated animals, no significant BC 1 labeling signal was 
detectable in the posterior lobes even if sections had been de- 
liberately overexposed to autoradiographic emulsion in order 
to reveal low residual levels of BCl RNA (Figs. 2C-F). In con- 
trast, a strong BCl signal was observed in posterior pituitaries 
from sham-operated animals (Figs. 2A,B). BC 1 labeling inten- 
sities in the sham-operated animals were at the same high levels 
that are typical of naive nonoperated animals, indicating that 
the sham operation did not affect the delivery of BCl RNA to 
the posterior pituitary. Taken together, these results suggest that 
the accumulation of BCl RNA in the posterior pituitary is pre- 
vented by disconnection ofthe hypothalamo-neurohypophyseal 
tract, and they are thus consistent with the view that BCl KNA 

is synthesized in magnocellular neurons of the hypothalamus 
and transported along their axons to the neurosecretory ter- 
minals in the posterior lobe of the pituitary. 

Discussion 
In this report, we have localized neural BCl RNA to the pos- 
terior lobe of the pituitary and to the neural stalk. Our experi- 
mental strategy was based on in situ detection of target RNAs 
rather than on extraction paradigms. This approach not only 
provides the necessary high spatial resolution, but also mini- 
mizes the risk of local cross-contamination that may pose po- 
tential problems with RNA extraction routines, especially when 
followed by PCR (polymerase chain reaction)-based amplifi- 
cation schemes. 

The BCl labeling pattern that is described here is indicative 
of an axonal distribution of the RNA: the in situ hybridization 
signal was most intense in areas where neurosecretory axons are 
concentrated. Disconnection of the hypothalamo-neurohypo- 
physeal tract resulted in the complete elimination of BCl RNA 
from the posterior pituitary. Similar data have previously been 
obtained with mRNAs that are axonally transported (Mohr et 
al., 1990, 1991). It could be argued that the loss of labeling 
signal for such RNAs following disconnection of hypothalamo- 
neurohypophyseal axons might be due to a disruption of the 
delivery of hypothetical factors necessary for transcription of 
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those RNAs in cells of the posterior pituitary, rather than to a 
disruption of the delivery of the RNAs themselves. However, 
the absence of the corresponding primary transcripts from the 
posterior pituitaries of nonoperated animals is at variance with 
such assumption (Mohr et al., 199 1). In conclusion, we interpret 
our results to indicate that BCl RNA is synthesized in the cell 
bodies of hypothalamic neurons and is subsequently transport- 
ed, within axons of the hypothalamo-neurohypophyseal tract, 
to the neurosecretory nerve endings in the posterior pituitary. 
This transport appears to be specific since neither dendritic 
MAP2 mRNA nor somatic GAP-43 mRNA could be detected 
in the posterior pituitary at significant levels. It remains to be 
determined in future experiments whether axonal RNA trans- 
port is cytoskeleton and/or vesicle associated. 

It has been shown in previous studies that BCl RNA is located 
in dendritic domains of a large subset of neurons in the rat 
nervous system (Tiedge et al., 1991, 1992), and it has been 
suggested that a BC 1 RNP may interact with other RNAs/RNPs 
in postsynaptic compartments in translation-related processes 
(Tiedge et al., 199 1). Recent results indicate that BCl RNA is 
a prominent component of isolated dendritic spines (Chicurel 
et al., 1993) and of synaptodendrosomes (Rao and Steward, 
1993), where it is colocalized with dendritic mRNAs. This col- 
ocalization is further evidence to support a role of BCl RNA 
in synapse-associated protein synthesis. The recent data are in 
line with earlier electron microscopic studies that have dem- 
onstrated that polyribosomes are located at the base or within 
the head of dendritic spines in dentate granule cells of the hip- 
pocampus (Steward and Levy, 1982; Steward and Reeves, 1988). 
In summary, these data indicate a possible interplay of various 
types of RNAs, including BCl RNA, in local protein synthesis 
in postsynaptic dendritic compartments. 

Little, if any, BCl RNA was detected in earlier studies in 
axon-containing white matter areas in the rat nervous system 
(Tiedge et al., 1991) or along axonal processes of either hip- 
pocampal or sympathetic neurons in primary culture (C. Banker, 
J. Brosius, D. Higgins, and H. Tiedge, unpublished observa- 
tions). While these data still left room for the possibility that 
BCl RNA might be sequestered in axonal terminals, no model 
system, either in vivo or in vitro, has been described to date 
where this was actually observed. At the same time, axonal 
terminals have generally been believed to lack protein synthetic 
capacity, a feature that would fundamentally distinguish them 
from somatodendritic domains (for reviews, see Ginzburg, 199 1; 
Steward and Banker, 1992). Neurosecretory nerve endings of 
hypothalamo-neurohypophyseal axons so far provide the only 
exception, at least in mammals, to this rule. Four mRNAs, three 
ofthem encoding neuropeptides and the other one a cytoskeletal 
protein, as well as BC 1 RNA have now been shown to be trans- 
ported to axonal nerve endings in the posterior pituitary. To 
our present knowledge, dendritic mRNAs and axonal mRNAs 
belong to distinct nonoverlapping families. BCl RNA is thus 
the only RNA at this time that has been identified both in 
dendritic and in axonal domains. 

While the presence of RNAs in neurosecretory terminals may 
be a feature that is unique to this type ofaxon, the colocalization 
of BCl RNA and mRNAs in such axonal domains is never- 
theless intriguing and may be indicative of functional interre- 
lations. The functional significance of the presence of RNAs in 
neurosecretory terminals is a matter of current debate (Jiri- 
kowski et al., 1990; Mohr et al., 199 1). A consensus has not yet 
emerged as to whether mRNAs are actuallv translated in these , 

terminals, and other components of the translational apparatus, 
as well as posttranslational processing machinery, have yet to 
be identified in such domains. However, should active protein 
synthesis in neurosecretory terminals indeed be established in 
future experiments, one might anticipate a role of BCl RNA or 
of the respective BC 1 RNP in local translation-associated pro- 
cesses in such axons. For example, BCl RNA may assist, both 
in dendritic domains of various types of neurons and in axonal 
terminals of highly specialized nerve cells, in the transport and 
docking of locally translated mRNAs; alternatively or in ad- 
dition, it may mediate arrest and reinitiation of translation in 
extrasomatic domains, analogous to the function of the signal 
recognition particle in the cell soma. Such processes may be 
subject to local regulation, under the influence, for example, of 
transsynaptic activity or hormone action (see Bondy et al., 1988, 
for an example of local hormonal regulation in the posterior 
pituitary). In summary, it is conceivable that BCl RNA per- 
forms translation-related functions both in conventional den- 
dritic protein synthesis and in individual cases ofaxonal protein 
synthesis. The delineation of the functional role of BCl RNA 
and the prospective BCl RNP may thus provide important clues 
with respect to mechanistic aspects of both dendritic and axonal 
RNA transport and translation. 
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