
Although the ability ofMetRS to repress the
switched mRNA leader is clearly demonstrat-
ed, we believe that the repression can still be
amplified. The possibility remains that nucle-
otides not present in the mRNA leader par-
ticipate in tRNAMer identity. It is also possi-
ble that nucleotides in the mRNA leader
specifically prevent recognition by MetRS.
The present genetic system permits an easy
selection for mutants acting in cis that are
more sensitive to repression byMetRS. These
selections could yield nudeotide changes that
would give us information about howMetRS
recognizes its tRNA isoacceptors.
Our results indicate that an excess ofMetRS

somewhat represses wild-tpe thrS expression.
This repression is seen in the decrease ofexpres-
sion of thrS-lacZ fusions (Table 1) and on
protein immunoblots (Fig. 2B), where the
band corresponding to the endogenous ThrRS
is weaker in the presenceofpNAV7 than in the
presence of pUC12. Because this effect is lost
with changes other than the CGU -- CAU
change, it appears that the wild-type thirS
mRNA leader is weakly but specifically recog-
nized by MetRS. Thus, the thrS mRNA leader
may be recognized with lower affinity by
MetRS and possibly other synthetases. The
biological relevance ofthis cross talk remains to
be determined.
The present data, coupled with genetic

(10) and biochemical (5) analyses of the thrS
mRNA leader-ThrRS complex, show that
the synthetase recognizes both RNAs by a
similar mechanism. Because the three-dimen-
sional structure ofthe synthetase-tRNA inter-
action is under analysis, this system should
provide a mechanism for studying the three-
dimensional structure of an mRNA leader
complexed with a translational repressor. The
ability to change the regulatory specificity of
thrS by changing the mRNA leader may
make three-dimensional analysis more facile.
The specificity of the mRNA leader could be
changed to an E. coli synthetase for which the
three-dimensional interaction with its cog-
nate tRNA is available (17). Also, the ability
to change the regulation specificity of thrS
provides the best indication of mimicry be-
tween a regulatory site on an mRNA and
another site on a stable RNA, to which a
single control protein binds to both in order
to perform a specific cellular activity.
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Reversal of Diabetes Insipidus in Brattleboro Rats:
Intrahypothalamic Injection of Vasopressin mRNA
GUSTAV F. JIRIKOWSKI,* PIETRO PAOLO SANNA,
DOMINIQUE MACIEJEWSKI-LENOIR, FLOYD E. BLOOM

Messenger RNAs occur within the axons of magnocellular hypothalamic neurons
known to secrete oxytocin and vasopressin. In Brattleboro rats, which have a genetic
mutation that renders them incapable ofvasopressin expression and secretion and thus
causes diabetes insipidus, injection into the hypothalamus of purified mRNAs from
normal rat hypothalami or of synthetic copies of the vasopressin mRNA leads to
selective uptake, retrograde transport, and expression of vasopressin exclusively in the
magnocellular neurons. Temporary reversal of their diabetes insipidus (for up to 5
days) can be observed within hours of the injection. Intra-axonal mRNAs may
represent an additional category of chemical signals for neurons.

T HE MRNAS ENCODING THE HOR-

mones arginine vasopressin (AVP)
and oxytocin (OT) are present in

axons of the hypothalamoneurohypophysial
tract (1-3). Oxytocin mRNA has been local-
ized by in situ hybridization and electron
microscopy in large granular vesicles of ax-
onal varicosities in the lateral hypothalamus,
the median eminence, and the posterior
pituitary (2). Furthermore, the amounts of
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OT mRNA in the hypothalamoneuro-
hypophysial tract change with fimctional
demand on the neurons (4).
The presence of a neuropeptide mRNA in

vesicles and evidence for its axonal transport
(2) suggest that this mRNA could provide
an intraneuronal or intercellular signal. Be-
cause of the low activity of brain ribonucle-
ase (RNase) (5), we were able to investigate
the metabolic fate of exogenous AVP
mRNA injected into the axonal fields of
these magnocellular neurons. To do so, we
used the Brattleboro rat, which has a single
base deletion in exon B of the propresso-
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Fig. 1. (A) Vasopressin immunostaining of the.
PVN of a Brattleboro rat, 2 hours after unilateral
injection of 50 ng of synthetic sense RNA coding ,
for AVP. Rats were anesthetized with chloral r -I
hydrate (5 mg per 100 g of body weight) and
killed by cardiac perfusion with 4% paraformal--;
dehyde in phosphate-buffered saline (PBS) for 20 2;
min at 40C. Hypothalami were removed and te7
sectioned on a Vibratome (Oxford Instruments) Jy
into serial frontal sections (50 pAm thick). Sections
were washed in PBS and immunostained by the .. ,
peroxidase-antiperoxidase method (16) with a rab-
bit anti-AVP-serum (Chemicon), which had been -,
preabsorbed with synthetic OT (Sigma). Immuno-
precipitates were made visible with diaminobenzi- j '4 k .
dine and hydrogen peroxide. For control purposes, A
some sections were stained with antisera to ACTH and to P-endorphin (both antisera obtained from
Chemicon). Scale bar = 100 pum. (B) Vibratome section of the PVN of a Brattleboro rat injected with
isotonic saline, devoid of vasopressin immunostaining. Scale bar = 100 pum. (C) The posterior lobe of the
pituitary of a Brattleboro rat injected with total hypothalamic RNA. Scale bar = 10 pgm.

physin gene (6). This mutation prevents the
translation of AVP in homozygotes and
leads to chronic diabetes insipidus.

In preliminary experiments, Brattleboro
rats received injections into the lateral hypo-
thalamus (7) of 5 Kug of total cytoplasmic
RNA prepared from hypothalami of normal
Sprague-Dawley rats. Northern (RNA) blot
analysis of this total mRNA pool confirmed
the presence ofAVP mRNA as expected (8).
We found that 18 hours after injection with
this preparation Brattleboro rats exhibited
cytoplasmic AVP immunoreactivitv within
neurons of the magnocellular hypothalamic
nuclei (Fig. 1 and Table 1).

In subsequent experiments, Brattleboro
rats were injected with 50 ng of a synthetic
sense-strand 35S-labeled AVP RNA, with a
35S-labeled AVP antisense RNA (9), or with
unlabeled AVP RNA. In confirmation of the
immunoreactivity changes observed after the
total mRNA injections, magnocellular peri-
karya of the supraoptic (SON) and paraven-
tricular nuclei (PVN) selectively showed in-
corporation of radioactivity within 2 hours of
injection with sense-strand RNA. In four
repetitions of this experiment (each group
containing three rats) about 25% (±+7%) of
the magnocellular neurons in the SON
showed 35S-labeling, as did approximately
10% (+4%) of the neurons in the PVN (Fig.
2A). The density of silver grains per cell
appeared to be higher in the SON than in the

PVN. After these sense-strand injections, ac-
cumulation of radioactivity was also observed
in the median eminence and the posterior
lobe (Fig. 2B), regions known to contain the
axons of the SON and PVN neurons. Rats
injected with comparable amounts of the
labeled antisense AVP RNA showed radioac-
tivity only in the ventricles and blood vessels,
whereas hypothalamic perikarya did not accu-
mulate radioactivity. The median eminence
and the posterior lobe were also unlabeled in
these controls (Fig. 2C).

In contrast, 2 hours after injection of syn-
thetic unlabeled AVP RNA (the earliest time
examined), immunoreactive AVP was ob-
served in a fraction of the magnocellular
neurons of the PVN (Fig. 1) and the SON;
immunostaining was more pronounced in the
PVN on the ipsilateral side of the injection,
and AVP-immunoreactive penikarya were
completely absent in the SON contralateral to
the injection site. Furthermore, AVP-immu-
nostained nerve endings in the posterior lobe
appeared to be less densely distributed than
structures visible in autoradiograms obtained
from this organ after injection of [35S]AVP
RNA into the hypothalamoneurohypophys-
ial tract. This may indicate that the fraction
of nerve terminals in the posterior lobe that
contained radioactive RNA was greater than
the number of nerve terminals containing
immunoreactive, translated AVP.
To determine whether the injection of syn-

thetic AVP RNA or total hypothalamic RNA
resulted in functional signals, we took urine
samples from Brattleboro rats before and
after the intracerebral injections. In normal
rats urine osmolarity is well above 1200 mos-
mol. The urinary osmolarity of untreated
homozygous Brattleboro rats, however, was
in all cases below 200 mosmol throughout
the time observed. Brattleboro rats treated
with total cytoplasmic mRNA as well as with
synthetic RNA showed increased urine os-
molarity within 2 hours after the injection,
declining to control levels after 5 days (Fig.
3), whereas ones injected with isotonic saline,
antisense AVP RNA, or cytoplasmic mRNA
taken from normal rat hindbrain did not
show this effect. Moreover, the ability of
microinjected hypothalamic mRNA or syn-
thetic AVP RNA to raise urine osmolarity
was lost when these materials had been di-
gested with RNase (10).

Radioimmunoassays (RIAs) of homoge-
nized hypothalamic nuclei (11) showed clear
increases in AVP levels upon injections of
synthetic AVP RNA (Table 1). Animals in-
jected with 50 ng of synthetic frill-length
sense AVP RNA (9) had a distribution of

Table 1. Amounts of immunoreactive vasopressin measured by RIA (9) in homogenates of hypo-
thalamic regions from Brattleboro rats 18 hours after unilateral injection with total hypothalamic
RNA. Vasopressin concentration was below detection limit in animals that had been injected with
isotonic saline.

AVP per milligram of protein (pg)

Location
PVN SON Median Posterioreminence lobe

Injected brain side 410 (+ 75) 173 (+ 54) 133 (-+- 26) 340 (-+- 87)
Contralateral side 120 (+ 25) 67 (+ 12)

Fig. 2. Autoradiograms ofPVN and posterior lobe
of a Brattleboro rat injected with [35S]AVP RNA.
Hypothalami and pituitaries of animals, perfused
with 4% paraformaldehyde 2 hours after injections
with the labeled probes, were rapidly frozen and
sectioned into 10-pxm cryostat sections. These sec-
tions were processed for autoradiography with
Ilford G5 emulsion. (A) Magnocellular perikarya in
the PVN. (B) Dark-field micrograph of the poste-
rior lobe. (C) Dark-field micrograph of the poste-
rior lobe of a rat injected with the 35S-labeled
antisense probe. Scale bar = 10 ptm.
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hours 18 hours Day 3 Day 4 Day 5 Day6

Fig. 3. Changes in urine osmolarity of Brattle-
boro rats after intrahypothalamic injections wth
total hypothalamic RNA and synthetic vasop es-

sin RNA. Male Brattleboro rats, which ere
homozygous for diabetes insipidus and weiged
between 250 and 260 g, were singly ho in

metabolic cages. Water consumption and e

output were measured daily. Each rat received a

single unilateral injection of one of the/RNA
preparations (dissolved in isotonic saline) to the
medial portion of the hypothalamon urohy-
pophysial tract (7). Urine osmolaritywls mea-

sured with an osmometer (Advanced/ Instru-
ments, Needham Heights, Massachusetts).
Statistical significance of data was evauated by
one-way analysis of variance and Scheffe F-post-

hoc test. **P < 0.005, *P < 0.05.

AVP immunostaining similar to the distribu-
tion observed after injection of total RNA. In
contrast to the changes seen in the SON and
PVN for AVP expression, other peptides with
mRNAs that would be expected to be present
in the total hypothalamic mRNA were not
seen in the magnocellular nudei. Specifically,
no immunostaining for adrenocorticotropic
hormone (ACITH) or I3-endorphin was found
within the hypothalamoneurohypophysial sys-
tem. The mRNAs for these two peptides are

abundant in the hypothalamus but not present
in magnocellular neurons (12). After we inject-
ed synthetic AVP RNA into brain regions
other than the h la phal

tract, we could detect noAVP immunostaining
in the Brattleboro rat brain and no change in
urine osmolarity (13).
The increase in urine osmolarity and the

elevated tissue AVP levels observed after injec-
tions of total cytoplasmic RNA extracts or

AVP RNA indicate that fiuctional AVP was

synthesized and secreted, resulting in a partial
temporary reversal of diabetes insipidus. This
concusion is supported by the detection of
AVP immunoreactivity in a fraction of the
magnocellular neurons and in their axons in the
median eminence and the posterior lobe. These
results support the interpretation that the in-
jected mRNA was taken up by axons of the

998

hypothalamoneurohypophysial tract and trans-
ported anterogradely to the posterior lobe, as
well as retrogradely, back to the hypothalamic
perikarya. This would be in accordance with
other studies that have demonstrated uptake
and transport ofoligonudeotides and dendritic
and axonal transport of RNA (14). Our im-
munocytochemical and RIA findings as well as
observed physiological responses indicate that
exogenous AVP mRNA was also translated by
some of the magnocellular perikarya. Uptake
and translation ofAVP mRNA seemed to be
selective processes because injections of the
AVP antisense probe did not result in any
labeling of these perikarya or their nerve end-
ings in the posterior lobe. Moreover, AVP
immunoreactivity or labeled RNA did not be-
come detectable in hypothalamic neurons other
than the classical magnocellular neurons in the
SON and PVN. Furthermore, when we inject-
ed total RNA fractions (which certainly con-
tained mRNA coding for peptides other than
AVP), the magnocellular hypouthalamic neu-
rons did not express ACTH and P-endorphin
immunoreactivities.
Our findings suggest that rat hypothalamic

magnocellular neurons can accumulate and
translate certain specific exogenous RNAs
normally expressed in these neurons. The
autoradiographic data showing concentration
of35S-labeled mRNA in cell bodies as well as
in the posterior lobe [most likely confined to
secretory nerve terminals (2)] indicate that at
least in Brattleboro rats RNA is accumulated
and transported anterogradely as well as ret-
rogradely upon injection into the medial por-
tion of the hypota e physial
tract. We condude that the mechanisms of
uptake, transport, and translation of RNA
might represent a cascade of increasing selec-
tivity: although exogenous mRNAs may be
taken up by many axons, and smaller neu-
ronal pools may be able to provide selective
transport, only a few neurons may actually
translate the axonally delivered RNA. This
hypothesis is supported by the finding that
degradation ofRNA is low in the brain (5).
We have shown thatOTmRNA is present in
secretory vesicles in the hypothalamoneuro-
hypophysial system (2), suggesting that these
mRNAs exist in cellular compartments to-
gether with peptide signals known to be
secreted. Recent studies with in situ hybrid-
ization and electron microscopy indicate a
similar situation for AVP mRNA (15). Ax-
onal accumulation, transport, and secretion
ofmRNA may offer new approaches to reg-
ulate interneuronal signaling.
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