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Thyrotropin-Releasing Hormone Induces Rhythmic Bursting 

in Neurons of the Nucleus Tractus Solitarius 

Abstract. The nucleus tractus solitarius (NTS) contains neurons that are part of 
the central neuronal network controlling rhythmic breathing movements in mam- 
mals. Nerve terminals within the NTS show immunoreactivity to thyrotropin- 
releasing hormone (TRH), a neuropeptide that has potent stimulatory effects on 
respiration. By means of a brainstem slice preparation in vitro, TRH induced 
rhythmic bursting in neurons in the respiratory division of the NTS. The frequency of 
bursting was voltage-dependent and could be reset by short depolarizing current 
pulses. In the presence of tetrodotoxin, TRH produced rhythmic oscillations in 
membrane potential whose frequency was also voltage-dependent. These observa- 
tions suggest that TRH modulates the membrane excitability of NTS neurons and 
allows them to express endogenous bursting activity. 
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In mammals, rhythmic breathing 
movements are controlled by a central 
neuronal network composed of several 
groups of neurons found in the brainstem 
( I ) .  Most of the neurons in the dorsal 
respiratory group (DRG), which is locat- 
ed within the nucleus tractus solitarius 
(NTS), are active during inspiration (2). 
Several neuropeptides have been found 
within nerve terminals in the NTS by 
means of immunohistochemical tech- 
niques; one of these peptides is thyrotro- 
pin-releasing hormone (TRH) (3). The 
application of exogenous TRH to the 
brainstem increases respiratory rate and 
minute ventilation (4). In addition, respi- 
ratory depression caused by barbiturates 
is diminished by TRH (5). These obser- 
vations suggest that TRH may play a 

central role in the neural control of respi- 
ration; however, the effects of TRH have 
not been studied at the cellular level. We 
used a brainstem slice preparation that 
allows stable intracellular recordings to 
be made in vitro from NTS neurons and 
found that TRH produces rhythmic 
bursting activity in neurons in the respi- 
ratory part of the NTS. 

Brainstem slices were obtained from 
adult guinea pigs (350 to 500 g in body 
weight) by means of standard tissue slic- 
ing techniques (6). Three to four slices 
(400 pm thick) were cut in transverse 
section beginning at the level of the obex 
and continuing toward the rostrum. The 
use of transverse slices facilitated the 
identification of the tractus solitarius and 
its surrounding nuclear areas. In several 
experiments, parasagittal and longitudi- 
nal slices were studied to ensure that our 
observations did not depend on the pres- 
ence or absence of a particular part of a 
neuron's dendritic field. No differences 
in neuron properties or responses were 
observed for the different slice orienta- 
tions. After being cut, the slices were 

transferred immediately to a recording 
chamber and were subfused with oxy- 
genated Ringer solution (6). All drugs 
were applied to the bath from separate 
reservoirs of Ringer solution. A mixture 
of 95 percent O2 and 5 percent C02,  
warmed and humidified, was blown over 
the slices. All experiments were per- 
formed at 37°C. 

Three criteria were used to determine 
whether or not a neuron was healthy: (i) 
a stable resting potential of at least -50 
mV, (ii) a spike overshoot of at least +35 
mV (spike amplitude, >85 mV), and (iii) 
an input resistance of at least 50 meg- 
ohms. Only neurons meeting all three 
criteria were used. In general, we ob- 
tained stable recordings from NTS neu- 
rons for periods of 1 to 4 hours without 
deterioration of their membrane proper- 
ties. Observations were based on record- 
ings from 23 neurons in 22 slices. 

The distribution of respiratory neu- 
rons in the brainstem of guinea pigs has 
been mapped in situ by means of extra- 
cellular recording techniques (7) (Fig. 
1A). Because respiratory neurons as 
such could not be identified in the slice, 
we have referred to these cells simply as 
NTS neurons. However, these neurons 
could be distinguished from those in ad- 
jacent parts of the NTS and reticular 
formation by both their morphology and 
their membrane properties (8). 

In the slice preparation, NTS neurons 
in the DRG did not show a pattern of 
activity suggestive of a respiratory 
rhythm. They did, however, show non- 
rhythmic activity at a rate of 1 to 3 spikes 
per second (Fig. lB,  upper trace). After 
TRH was added to the bath, a rhythmic 
bursting pattern was established in 70 
percent of the neurons studied (Fig. lB, 
lower trace) and was observed for con- 
centrations of TRH between 0.1 and 10.0 
pM (9). The development of rhythmic 
bursting activity followed a stereotyped 
time course (Fig. 1C). Five to 10 minutes 
after the slice was exposed to TRH, 
the action potential of NTS neurons de- 
veloped a depolarizing afterpotential 
(DAP). The size of the DAP increased 
with time and was associated with the 
appearance of rhythmic bursting activi- 
ty. Exposure to TRH for 1 to 2 hours led 
to a decline in bursting activity that may 
have been due to a desensitization phe- 
nomenon (9). The action potential of 
NTS neurons, however, still showed a 
DAP. 

Depolarizing afterpotentials are char- 
acteristic of endogenous pacemaker and 
bursting neurons in both invertebrates 
and mammals (10). The development of a 
DAP after exposure to TRH therefore 
suggests that rhythmic bursting activity 
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Fig. 1. (A) Cross section of the brainstem approximately 1.0 mm rostral to the obex. (Right) 
Map of the DRG in the guinea pig. Triangles show the distribution of identified respiratory 
neurons, including inspiratory and expiratory types. The dashed line indicates the region where 
the highest density of respiratory neurons was located and corresponds to the DRG in the 
guinea pig. This region was below the tractus solitarius (TS) in the ventral NTS, approximately 
0.25 to 1.5 mm rostral to the obex. (Left) Locations of neurons studied in the slice preparation (0 
to 1.6 mm rostral to the obex). These sites were measured relative to the tractus solitarius. 
Closed circles represent neurons that responded to TRH, and open circles represent neurons 
that did not. (B) Effect of TRH on NTS neurons: activity in an NTS neuron before (top trace) 
and after (bottom trace) exposure to 0.4 pM TRH for 30 minutes. This neuron was current 
clamped to -45 mV. (C) Development of the DAP and bursting activity: high-gain records of 
spike activity at various times after exposure to TRH (same neuron as in B). The tops of the 
spikes are truncated. Before the slice was exposed to TRH (0 minutes), the spike afterpotential 
showed a gradual return to baseline in less than 0.1 seconds. At 5 minutes, a prominent DAP 
appeared (arrow). The size of the DAP increased with time and was associated with the 
development of rhythmic bursting activity. 

may have been due to an endogenous 
rather than a synaptic mechanism. This 
hypothesis was tested in three types of 
experiments. Because one property of an 
endogenous rhythm is that the frequency 
of bursting is voltage-dependent (II) ,  the 
effect of membrane polarization on the 
TRH-induced bursting rhythm was ex- 
amined (Fig. 2A). As the membrane po- 
tential was made more negative, the in- 
terval between bursts lengthened. At 
very negative membrane potentials (-80 
mV), neither bursting activity nor rhyth- 
mic oscillations in membrane potential 
occurred. The absence of membrane po- 
tential oscillations at -80 mV suggests 
that these neurons did not receive phasic 
excitatory synaptic input. 

Endogenously generated rhythms also 
display a characteristic response to short 
perturbations in membrane potential (11) 
that affect both the duration of the inter- 
val between bursts and the times when 
subsequent bursts occur. Short perturba- 
tions in membrane potential were in- 
duced by applying a depolarizing current 
pulse after three unperturbed bursts 
(Fig. 2B). The duration of the interval 
between bursts increased by 66 percent. 
A second perturbation after the fourth 
burst produced a similar effect. A normal 
interval (1.12 seconds) was established 
between bursts five and six, but the 
rhythm had been delayed by 1.4 sec- 
onds. These results are consistent with 
the hypothesis that bursting activity is 
produced by an endogenous mechanism. 

Neurons with endogenous bursting ca- 
pabilities show voltage-dependent oscil- 
lations in membrane potential that are 
resistant to tetrodotoxin (TTX) (12). 

Fig. 2. (A) Voltage dependence of the interval 
T T X  

* 
-5OmV- 

, between bursts in a neuron exposed to 0.5 FM 

J E TRH for 45 minutes. (Top trace) The neuron 
was depolarized to -45 mV by applying a 

-45 mV 2 seconds  positive current. The average interval be- 
tween bursts was 1.4 seconds. At a resting 
membrane potential of -50 mV, the average 

T T X  - T R H  interval was 3.7 seconds (middle trace). Hy- 
perpolarization to -80 mV, induced by apply- 

- ing a negative current, resulted in the disap- 
-50 rnv pearance of rhythmic bursting activity (bot- 

tom trace). (B) Effects of perturbations in 

-65 rnV membrane potential on rhythmic bursting ac- 
tivity. The scale (top trace) indicates the 

> Second  predicted occurrence of a burst cycle based 
on an interval of 1.1 seconds. This value is the average of the 

-80  m v  intervals between the preceding ten bursts. Short depolariz- 
1 s e c o n d  ing currents (0.25 nA for 50 msec) were applied after cycles 

B three and four (bottom trace, arrows). The dashed lines 

-.. -. - connect the last three bursts with their predicted time of . .. occurrence. (C) Rhythmic oscillations in membrane potential 
after treatment of neurons with TTX. An NTS neuron was 
exposed to 0.5 pg of TTX per milliliter alone (top trace) and 
to TTX plus 0.6 pM TRH (middle and bottom traces). The 
resting potential of this neuron was -57 mV. It was depolar- 
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ized to -50 mV by applying a positive current (top and 
4 middle traces) and hyperpolarized to -65 mV by applying a 

1 s e c o n d  negative current (bottom trace). 
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These oscillations are thought to be the 
basis of bursting activity. In the presence 
of TTX, TRH also induced oscillations in 
membrane potential (Fig. 2C). The fre- 
quency of these oscillations was voltage- 
dependent, and the oscillations disap- 
peared when the membrane was hyper- 
polarized. The voltage dependence of 
the oscillations was similar to that ob- 
served for rhythmic bursting (Fig. 2A), 
which suggests that the oscillations were 
responsible for the development of 
bursting activity. This experiment also 
showed that TRH affected NTS neurons 
in the absence of spike-induced transmit- 
ter release. 

Thyrotropin-releasing hormone thus 
alters the activity in some NTS neurons 
from a nonrhythmic to a rhythmic pat- 
tern. The most straightforward explana- 
tion for our observations is that TRH 
acts directly on the membrane properties 
of NTS neurons, transforming them into 
endogenous burster neurons (13). Neu- 
rons that exhibit endogenous bursting 
behavior in the presence of neuroactive 
substances have been observed in the 
nervous systems of invertebrates (14) 
and are referred to as conditional burst- 
ers. The action of TRH on NTS neurons 
within the DRG supports the hypothesis 
that this neuropeptide takes part in the 
control of rhythmic breathing in mam- 
mals. Further experiments are required 
to assess the role of conditional bursting 
activity in this system and to determine 
the mechanism by which TRH modu- 
lates the membrane excitability of NTS 
neurons. 
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Trans-Activator Gene of Human T-Lymphotropic 
Virus Type I11 (HTLV-111) 

Abstract. Human T-lymphotropic virus type 111 (HTLV-III) encodes a trans-acting 
factor that activates the expression of genes linked to the HTLV-111 long terminal 
repeat. By functional mapping of complementary DNA transcripts of viral messen- 
ger RNA's the major functional domain of the gene encoding this factor was 
localized to a region immediately before the env gene of the virus, a region 
previously thought to be noncoding. This newly identi3ed gene consists of three 
exons, and its transcription into messenger RNA involves two splicing events 
bringing together sequences from the 5 '  part (287 base pairs), middle (268 base 
pairs), and 3' part (1258 base pairs) of the HTLV-111 genome. A similar messenger 
RNA with a truncated second exon (70 base pairs) does not encode a trans-acting 
function. It is proposed that this second messenger RNA is the transcript of a gene 
(3'-orf) located after the env gene. Messenger RNA's were also identijed for the env 
and gag-pol genes of HTLV-III. 
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Human T-lymphotropic virus type-I11 
(HTLV-111) is etiologically associated 
with the acquired immune deficiency 
syndrome (AIDS) (1,2). It belongs to the 
group of exogenous retroviruses called 
HTLV whose other members include 
HTLV-I and HTLV-11. HTLV-I has 
been etiologically linked to human adult 
T-cell leukemia-lymphoma (ATLL) (3, 
4), and HTLV-11, isolated originally 
from a patient with hairy cell leukemia 
(5), has not yet been linked to any human 
disease. These viruses share a number 
of biological and structural properties 
which include a tropism for OKT4' lym- 
phocytes (2, 6), the ability to induce 
giant multinucleated cells in vivo and in 

vitro (2, 7), weak immunologic cross- 
reactivity of some virally encoded pro- 
teins (8), and distant nucleic acid se- 
quence homologies (9, 10). Despite these 
similarities, HTLV-I11 differs from 
HTLV-I and HTLV-I1 in many aspects 
of its structure and biology. For exam- 
ple, while infection of human T lympho- 
cytes with HTLV-I or HTLV-I1 often 
results in transformation and immortal- 
ization (3, 4), infection with HTLV-I11 
generally leads to cell death (1, 2). 

The genomes of HTLV-I11 and related 
viruses have been molecularly cloned 
and sequenced (10-14), and five open 
reading frames (ORF's) have been iden- 
tified (11-15) (Fig. 1). On the basis of the 
predicted amino acid sequence and align- 
ment with known proteins of other retro- 
viruses, it was postulated that the first, 
second, and fourth reading frames from 
the 5' end of the genome constituted the 
gag, pol, and env genes of HTLV-111. 
The third open reading frame, termed 
sor, has no correspondence in the 




