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monkeys induces neuroplasticity in
nucleus tractus solitarius

Chao-Yin Chen, PhD,2 Ann C. Bonham, PhD,2 Edward S. Schelegle, PhD,d Laurel J.
Gershwin, DVM,¢ Charles G. Plopper, PhD,d-¢ and Jesse P Joad, MDP Davis, Calif

Background: Extended exposure to allergen exacerbates asth-
ma symptoms, in part via complex interactions between
inflammatory cells and mediators. One consequence of these
interactions is the triggering of local and central nervous sys-
tem (CNS) neuronal activity that might further exacerbate the
asthmalike symptoms by causing bronchoconstriction, mucous
secretion, increased microvascular leak, and cough. One CNS
region that might be particularly important is the caudomedial
nucleus tractus solitarius (NTS). NTS neurons not only inte-
grate primary afferent inputs from lung sensory nerve fibers
but also have direct exposure to inhaled allergens and allergen-
induced blood-borne inflammatory mediators via a deficient
blood-brain barrier. Given the capacity of CNS neurons to
undergo plasticity, allergen-induced changes in NTS neuronal
properties could contribute to the exaggerated respiratory
responses to extended allergen exposure.

Objective: In a recently developed rhesus monkey model of
allergic asthma, we tested the hypothesis that extended expo-
sure to allergen increases the intrinsic excitability of NTS
neurons.

Methods: Three adult monkeys were sensitized and then
repeatedly exposed to aerosols of house dust mite allergen; 4
monkeys served as controls. Whole-cell current-clamp record-
ings were made to measure 3 indices of excitability: resting
membrane potential, input resistance, and number of action
potentials evoked by current injections.

Results: Extended allergen exposure depolarized the resting
membrane potential by 14% and increased the number of
action potentials evoked by current injections (5-fold).
Conclusion: The finding that NTS neurons in a primate model
of allergic asthma undergo intrinsic increases in excitability
suggests that CNS mechanisms might contribute to the exag-
gerated symptoms in asthmatic individuals exposed to aller-
gen. (J Allergy Clin Immunol 2001;108:557-62.)
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Abbreviations used
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NTS: Nucleus tractus solitarius
RAR: Rapidly adapting receptor

It is well established that extended repeated exposures
to allergen exacerbates asthma symptoms!:2 and that
allergen-induced release of various local inflammatory
mediators plays an important role in these asthma exac-
erbations.3# However, what might have been underap-
preciated until now is that the inflammatory mediators
released during allergen exposure also trigger increases
in local and central nervous system (CNS) neuronal
activity that might further exacerbate the asthmalike
symptoms.4 Stimulation of 2 types of primary sensory
nerves innervating the lungs—the vagal nonmyelinated
lung C fibers and the thinly myelinated Ad rapidly adapt-
ing receptors (RARs)—initiates powerful CNS reflex
responses resembling asthmalike symptoms: bron-
choconstriction, mucous secretion, increased microvas-
cular leak, and cough.56 Electrophysiologic recordings
of the impulse activity of the first-order vagal lung C
fibers7-:8 and RARs?:10 have provided direct evidence that
acute exposure to allergen or to specific mediators
released during allergen exposure not only stimulates
these primary sensory nerves in the vagus but also sensi-
tizes them to other stimulants.

The first-order vagal sensory nerves make their first
synapses in the CNS on second-order neurons in the
nucleus tractus solitarius (NTS). These NTS neurons
provide the initial and perhaps pivotal regulatory
moment in the lung CNS reflex pathways. First, these
neurons process the primary peripheral sensory informa-
tion from the lung nerve fibers to ultimately encode and
transform the inputs into reflex outputs to the lungs, air-
ways, and respiratory muscles.!! Second, NTS neurons
receiving primary sensory afferent signals over the vagus
nerve have the capacity to integrate the peripheral senso-
ry information with convergent signals from other brain
regions, including the adjacent area postrema, the most
caudal of the circumventricular organs.!2-16 By virtue of
its lack of a blood brain barrier and its prominent axonal
projections to the NTS, the area postrema provides an
anatomical pathway whereby mediators released during
allergen exposure can affect NTS neurons. In this regard,
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we have previously shown that stimulation of area
postrema neurons facilitates NTS neuronal processing of
vagal afferent inputs, essentially amplifying the output of
the NTS neurons to sensory signals.!3 Finally, it is now
appreciated that the caudomedial NTS, where the lung
sensory fibers terminate, also lacks a complete blood
brain barrier and features local complexes of fenestrated
capillaries and perivascular spaces that afford the NTS
neurons direct exposure to blood-borne inflammatory
mediators.!7 Pertinently, it has recently been document-
ed that NTS neurons contribute to immune responses
independent of vagal afferent projections.!8-20 The intro-
duction of allergen into the lungs and airways thus has
the capacity to influence NTS neurons not only over sen-
sory neural pathways but also via convergent inputs from
other brain regions and via direct humoral mechanisms.

Beyond the allergen-associated acute increases in the
firing activity of the primary lung sensory nerves, aller-
gic inflammation associated with acute allergen exposure
also causes phenotypic changes in the cell bodies of the
lung fibers. These changes include an increase in the
number of mRNA-encoding tachykinins,?! de novo sub-
stance P expression in Ad vagal afferent fiber (which
includes RAR) cell bodies,?2 and increases in neuronal
membrane excitability, including depolarization of the
membrane potential and blockade of an anomalous recti-
fier.” The extent to which such changes contribute to the
exacerbated asthmalike symptoms will turn on the
behavior of neurons in the NTS. Although no studies
have heretofore reported phenotypic changes in neuro-
chemical or electrophysiologic properties of NTS neu-
rons after chronic allergen exposure, there is evidence of
allergen-induced neuroplasticity in other CNS regions.
Electroencephalographic recordings have shown that
hypothalamic and cortical activity are markedly
increased after allergen sensitization in the rat,23 perhaps
providing a neural basis to help explain some of the sub-
tle deficits in cognitive processing reported to occur with
allergen exposure in human beings.24 Given the exten-
sive capacity of CNS neurons to undergo neuroplastici-
ty,25-28 persistent changes in the NTS neuronal properties
might become particularly important in the exaggerated
airway and respiratory responses to extended repeated
allergen exposures.

Our group recently developed a rhesus monkey model
of allergic asthma.2® The monkeys exhibited many of the
features of allergic asthma, meeting the following 8 cri-
teria: (1) a positive skin test result to house dust mite
allergen (HDMA); (2) airway obstruction with inhalation
of HDMA; (3) shedding of airway epithelium; (4) an
abundance of immune cells (including eosinophils) in the
bronchoalveolar lavage; (5) airway hyperresponsiveness
to histamine; (6) airway mucous cell hyperplasia and
epithelial hypertrophy; (7) thickening of the airway base-
ment membrane zone; and (8) accumulation of
eosinophils in the airway walls.2® This model has
allowed us to undertake studies in an allergic asthmatic
animal that is morphologically and immunologically
similar to the human being to test the hypothesis that
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extended repeated exposure to allergen increases the
intrinsic excitability of NTS neurons. Experiments were
performed on brainstem slices taken in the NTS and trac-
tus solitarius containing the vagal primary sensory affer-
ent fibers conveyed. The brainstem slices were taken
from allergic asthmatic and field control monkeys. We
studied neurons in the caudomedial NTS—specifically,
in the NTS region 0 to 1.5 mm caudal to the obex and
medial to the tractus, where the majority of lung sensory
nerve fibers synapse.!! Whole-cell current-clamp record-
ings were used to measure 2 indices of neuronal
excitability: the resting membrane potential and the num-
ber of action potentials discharged by the neuron in
response to depolarizing current injections. We also mea-
sured the input resistance to determine whether changes
in resting membrane conductances were associated with
the changes in membrane potential.

METHODS

All protocols were approved by the Institutional Animal Care
and Use Committee in compliance with the Animal Welfare Act
and Public Health Service Policy on Humane Care and Use of
Laboratory Animals.

Allergic asthmatic monkey model

Seven rhesus monkeys (Macaca mulatta; 4.93 to 6.95 kg; 3 to
5 years old at the time of necropsy; both sexes) were studied.
Four monkeys served as controls; the other 3 underwent sensiti-
zation and repeated exposures to aerosols of HDMA (Dermato-
phygoides farinae, Greer), developing characteristics of asthma,
as described previously.29

Brainstem slice preparation

The monkeys in the HDMA groups were studied approximately
18 hours after the last HDMA exposure. They were sedated with
Telazol (8 mg/kg, delivered intramuscularly) and killed with over-
dose of sodium pentobarbital. After decapitation, the brain was
rapidly exposed and submerged in ice-cold high-sucrose artificial
cerebrospinal fluid. Transverse brainstem coronal slices (250 um
thick) were cut and prepared for recording, as described previous-
1y.30 All experiments were performed at 33° to 34°C.

Whole-cell current-clamp recording

Each slice was viewed through use of a fixed-stage upright
microscope equipped with infrared differential interference contrast
for visualizing the neurons. Whole-cell recordings in NTS neurons
were obtained through use of KCI solution—filled glass electrodes
and an Axoclamp 1D patch-clamp amplifier (Axon Instruments).3!
Whole-cell voltages were filtered at 2 kHz, digitized at 10 kHz, and
stored in a DX/D computer. The seal resistance was always >1 G,
the series resistance was <30 MQ, and the pipette resistance was
2.5-4.5 MQ. Data were analyzed through use of pClamp6 software
(Axon Instruments).

All caudomedial NTS neurons that had stable resting membrane
potentials and were synaptically activated by stimulating the tractus
solitarius were included in the study. The resting membrane poten-
tial was measured immediately after the whole-cell configuration.
The voltage was then current-clamped at —60 mV; all neurons were
thus studied at the same membrane potential. Steady-state input
resistance was determined by injecting hyperpolarizing currents (10
to 100 pA; 200-ms duration pulses) and measuring the resultant
steady-state change in membrane potential. Neuronal spiking in
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response to nonspecific excitation was tested by intracellularly
injecting brief (2-second) depolarizing current pulses (20 to 100
pA) and measuring all of the following: (1) the peak frequency of
the evoked spikes, defined as the peak frequency in the first 200 ms;
(2) total number of spikes evoked; (3) spike frequency adaptation,
defined as the ratio of the mean spiking frequency in the last 500 ms
to the peak spiking frequency in the first 200 ms; and (4) latency to
the first spike evoked.

Data analysis

Data were expressed as means + SEMs. Significance was P <
.05. An unpaired ¢ test32 was used to compare the membrane poten-
tial and input resistance in HDMA-exposed and control monkeys.
To determine the HDMA effect on the spiking responses to the
depolarizing current injections, we used a 2-way ANOVA with
exposure (HDMA vs control) as the between factor and injected
current as the within factor. We compared the peak frequency and
total number of evoked spikes, spike frequency adaptation, and
latency to first evoked spike.

RESULTS

Data were obtained from 20 neurons, 9 of them being
neurons from 3 field control monkeys and the other 11
being neurons from 2 HDMA-exposed monkeys. No data
were obtained from 1 monkey in each group.

Fig 1, A shows a photomicrograph of an NTS slice with
a bipolar stimulating electrode placed in the tractus solitar-
ius and the patch pipette in the caudal NTS medial to the
tractus. The whole-cell configuration for recording whole-
cell voltages is shown in Fig 1, B. An example of a tractus
solitarius—evoked action potential from the neuron is
shown in Fig 1, C. All neurons studied were in this caudo-
medial region of the NTS, from obex to 1.5 mm caudal to
the obex and medial to the tractus solitarius, and all were
activated with short-latency tractus-evoked excitatory post-
synaptic potentials (2.52 + 0.30 ms) or action potentials
(3.09 £ 0.62 ms). The onset latencies of the evoked
responses were not different in the 2 groups (P > .05).

The effect of extended repeated allergen exposures on
the resting membrane potential is shown in Fig 2. Neurons
from the HDMA-exposed monkeys had a significantly
more depolarized resting membrane potential (-52.8 + 1.5
mV vs —45.7 = 2.5 mV for control vs HDMA; P = .033).

Fig 3 illustrates the increased neuronal excitability to
depolarizing current injections in the HDMA-exposed
monkeys. As shown in the example (Fig 3, A) and in the
group data (Fig 3, B and C), when the membrane poten-
tial was depolarized from a holding potential of -60 mV
with current injections of increasing amplitudes, the total
number of spikes (Fig 3, B) and the peak frequency (Fig
3, C) were greater in neurons from the HDMA-exposed
monkeys than in those from the field controls.

There was no effect of HDMA exposure on the inci-
dence or extent of spike frequency adaptation. Three neu-
rons from the HDMA-exposed group and 2 neurons from
the field control group discharged action potentials in the
first 200 ms and then adapted completely. Four neurons
from each group adapted more slowly; in those neurons
the ratio of the mean spiking frequency in the last 500 ms
to the peak spiking frequency in the first 200 ms was not
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FIG 1. A, Photograph shows an NTS slice with stimulating elec-
trode in the tractus solitarius (TS) and a recording pipette in the
caudomedial NTS. Bar, 100 um. B, Photograph shows the whole-
cell formation in a caudomedial NTS neuron. Bar, 10 um. C,
Example of TS-evoked action potential from the neuron shown in
Fig 1, B (¥, stimulus artifact).
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FIG 2. Group data show membrane potential of neurons from control and HDMA-exposed monkeys. NTS
neurons from the allergen-exposed monkeys had a significantly more depolarized resting membrane

potential.
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FIG 3. Neuronal response to intracellular depolarizing current injections. A, Responses to current injections
in neurons from a control monkey (top panels) and an allergen-exposed monkey (bottom panels). B, Group
data show the total number of spikes evoked by depolarizing current injections. As the amplitude of the
current injection was increased, the difference in the number of evoked spikes was greater in the allergen-
exposed monkeys than in the control monkeys (P = .19 for exposure [control vs HDMA]; P = .002 for cur-
rent; P =.048 for interaction between current and exposure). C, Group data show that the peak spiking fre-
quency was greater in the allergen-exposed monkeys (P = .0017 for exposure [control vs HDMA]; P =.001
for current; P = .82 for interaction between current and exposure). Numerals in parentheses indicate num-

bers of neurons.

different in the 2 groups (P = .16, exposure [control vs
HMDAY]). One neuron from the control group did not dis-
charge action potentials to current injections. HDMA
exposure also did not affect the latency to the first evoked
action potential (P = .48, exposure [control vs HMDAY]).

Although there was a trend toward a decrease in the
input resistance in the NTS neurons from the HDMA-
exposed monkeys, the difference did not reach statistical
significance (473 = 115 MQ vs 234 + 49 MQ for control
vs HDMA; P = .076).
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DISCUSSION

The major finding of this work was that extended
repeated exposures to allergen in a primate model of
allergic asthma resulted in an increased excitability of
NTS neurons, as evidenced by a more depolarized rest-
ing membrane potential and an increased spiking
response to intracellular injections of depolarizing cur-
rents. Although there was a trend toward a decrease in the
membrane input resistance, the difference did not reach
statistical significance. The NTS neurons were located in
the caudomedial NTS, where vagal afferent fibers origi-
nating from the lungs and airways terminate,33 and they
were activated with short latencies to stimulation of the
tractus solitarius, suggesting that they were part of auto-
nomic—including pulmonary—afferent pathways.

To our knowledge, this is the first study to demonstrate
that extended exposure to allergen causes changes in
intrinsic membrane properties of neurons in the NTS. The
chronically more depolarized membrane potentials sug-
gest that in the resting condition the NTS neurons are
closer to the threshold voltage for discharging action
potentials than are neurons from field control monkeys.
Thus subthreshold sensory inputs, which might have no
effect in control monkeys, could evoke postsynaptic
spikes and hence a neuronal output in HDMA-exposed
monkeys. In addition, suprathreshold inputs might evoke
more action potentials in the postsynaptic neurons from
allergen-exposed monkeys, thereby amplifying the neu-
ronal output at these synapses. The increased peak num-
ber of the spikes evoked by depolarizing current injec-
tions suggests a heightened responsiveness to rapid
changes in the membrane potential; moreover, in terms of
the total spikes evoked, as the magnitude of the depolar-
izing current was increased, the effects of HDMA expo-
sure became more prominent, suggesting that acute robust
volleys of afferent traffic will evoke a disproportionately
larger effect on neurons from allergen-exposed monkeys.
Although there was a tendency for the input resistance to
be smaller in the allergen-exposed monkeys, the differ-
ence did not reach statistical significance. Interestingly, in
an investigation of the effect of acute allergen exposure on
the properties of nodose ganglion cells, Undem et al’
found a more depolarized resting membrane potential,
though with various changes in input resistance, including
decreases, increases, and no change.

The precise mechanisms linking prolonged allergen
exposure to the increase in the intrinsic excitability of the
NTS neurons were not addressed in this study; however,
there is a parallel to the increased excitability of spinal
neurons during prolonged neuropathic or inflammatory
pain. The neural mechanisms of chronic pain have been
characterized by Woolf and Doubell34:35 as an increase in
the intrinsic postsynaptic excitability of spinal neurons
that might be triggered in part by the combination of (1)
an induced novel input from peripheral A} afferent
fibers, (2) an exaggerated input from the peripheral noci-
ceptive C fibers, (3) local changes in inhibitory and exci-
tatory synaptic inputs, and (4) phenotypic changes in the
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postsynaptic neurons themselves.35 With regard to the
current study, previous findings that exposure to allergen
and inflammatory mediators excites and sensitizes the
primary lung C fibers and Ad RAR fibers,” coupled with
findings that allergen exposure induces phenotypic
changes in the cell bodies of the lung sensory fibers,?!
point to the possibility that a change in the frequency,
magnitude, or pattern of lung sensory inputs to the NTS
triggers the postsynaptic neuronal changes—a possibili-
ty buttressed by previous findings that NTS neurons have
the capacity to undergo fine structural plasticity during
prolonged excitatory input from baroreceptor afferent
nerve fibers.28 On the other hand, the changes in the post-
synaptic neurons could be mediated independently of the
sensory neural pathways through changes in local synap-
tic inputs from other brain regions!2.13 or via changes
induced by prolonged direct access to allergen or aller-
gen-induced mediators.17

Regardless of the underlying mechanism, the ability of
these NTS neurons to undergo plasticity in their mem-
brane properties will shape the extent to which the CNS
lung sensory reflexes contribute to the asthmalike
responses to extended allergen exposure. Of direct rele-
vance to the capacity of NTS neurons to undergo func-
tional plasticity is the ability of NTS neurons to undergo
fine structural plasticity, as has previously been demon-
strated during prolonged excitatory input from barore-
ceptor afferent nerve fibers.28

There are some limitations to this study. Because of the
expense of developing the model and the need to coordi-
nate these neurophysiologic studies with a number of
studies on various other aspects of the allergic asthmatic
monkeys, the sample size was small. Despite the small
sample size, by using whole-cell recordings in brainstem
slices, we were able to detect statistically significant dif-
ferences in 2 of 3 intrinsic membrane properties of neu-
rons taken from the field control and allergic asthmatic
monkeys. In addition, though all recordings were made in
the same discrete NTS region where lung sensory afferent
fibers terminate and though all neurons were shown to
receive peripheral afferent input via the tractus solitarius,
we could not unequivocally identify the neurons as part of
the lung RAR or C fiber pathway in the slice preparation.
However, given localization of lung sensory afferent fiber
synapses in this NTS region, it seems reasonable to
assume that most of the neurons studied have some rela-
tionship to lung reflexes.

In summary, these findings demonstrate in a primate
model of allergic asthma the ability of a CNS region con-
taining neurons that process lung sensory signals to
undergo marked increases in excitability with extended
allergen exposure. Resolving the extent of the contribu-
tion of CNS neuronal mechanisms in allergic asthma
might help in the development of novel therapeutic
strategies that can prevent the functional plasticity in the
central network, thereby minimizing the respiratory
symptoms of allergen exposure in people with asthma.

We gratefully acknowledge the contributions of the University of
California Davis asthmatic monkey research group.
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