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Introduction
Organophosphate (OP) agents are used globally as insecticides and related compounds have
been weaponized as nerve agents. Intentional exposures are responsible for a tremendous
burden to the health care system in many developing countries[1-4]. OP agents exert their
clinical effects largely by binding to peripheral and central acetylcholinesterase, resulting in
a rise in the level of post-synaptic acetylcholine (ACh). The increased levels of post-
synaptic ACh induce a range of central effects including seizure, apnea and long-term
cognitive deficits[5-7].

OP-induced central apnea is well documented in animal models of OP-toxicity and is
postulated to be an important cause of fatality following human exposure[5]. The neural
substrate underlying normal automatic respiratory rhythm generation (i.e, the central
respiratory oscillator or CRO) is a topic of investigation and debate [8,9]. There is
substantial evidence pointing to the importance of specific neuronal groups within the
ventral medulla. The pre-Bötzinger complex (preBötC) contains cholinergic neurons[10]
and is integral to normal respiratory function[11]. Other sites in the ventral region of the
medulla are involved in respiratory control and contain cholinergic synapses, including the
ventral surface of the medulla[12], the nucleus ambiguus[13] and the retrotrapezoid
nucleus[14]. These and other brainstem sites may be involved in OP-induced central apnea,
for example by affecting chemo-responsive or rhythm generating respiratory neurons or by
inhibiting inspiratory drive through pontine cholinergic circuits[15].

The hypothesized role of the brainstem in OP-induced central apnea has not been tested
directly using validated models of OP poisoning, but the idea is supported indirectly by
observations that perturbations of synaptic ACh in circuits involved in breathing cause
changes in the pattern of respiratory activity. Some regions of the brainstem demonstrate
increased respiratory activity when exposed to elevated ACh levels[10,16], while others
demonstrate respiratory depression but not apnea[17]. However, it is unclear how these
findings relate to OP poisoning as they stem from studies designed to mimic the cholinergic
perturbations that occur during normal circuit function. Toxic levels of synaptic ACh
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following acute OP injestion could have different effects compared to the levels achieved
during physiological activity. For example, increasing synaptic ACh levels within a
physiological range might stimulate rhythmic respiratory activity due to a depolarizing
effect on inspiratory neurons, whereas toxic levels of ACh in the same circuit might abolish
rhythmic activity through depolarization blockade of the post-synaptic membrane or by
other mechanisms involving the network as a whole. Pathological excitation of components
of the network involved in respiration could result in a loss of pattern generating capacity at
a network level. A direct experimental test of the brainstem hypothesis for OP-induced
central apnea would require selective application of the OP to the brainstem or specific sites
within the brainstem at levels that would be achieved during fatal apnea following systemic
poisoning in vivo[5]. Furthermore, the effects of selective poisoning should be studied in the
intact brainstem. Isolating a cholinergic circuit using brain slices might remove or weaken
important cholinergic synaptic activity within the slice due to either damage to neurons
within the slice (cell bodies or cholinergic end plates) or loss of afferent input from neurons
located outside the slice.

The present study was designed to evaluate the hypothesis that selective OP exposure to the
brainstem is sufficient for OP-induced apnea. We used the isolated heart-brainstem
preparation of the juvenile rat, in which the entire infracollicular brainstem was exposed to
dichlorvos. We also tested the effects of selective exposure of the ventral medullary region
to dichlorvos using microdialysis in intact anesthetized rats.

2.0 Materials and methods
2.1 Working Heart-Brainstem Preparation

The methodology used for establishing a working heart-brainstem preparation was described
by Paton[18]. Wistar rats (85-120 grams) were acquired and cared for in accordance with
NIH published guidelines and this research was conducted in accordance with the Guiding
Principles in the Use of Animals in Toxicology. The Institutional Animal Care and Use
Committee of the University of Massachusetts approved this study protocol. Animals were
housed in pairs and maintained on a 12-hour light dark cycle with food and water provided
ad libitum.

Rats (n=10) were exposed to anesthetic gas (isoflurane, Sigma Aldrich, St Louis, MO) in an
anesthetic chamber until respiratory activity was depressed and there was no response to
foot pinch. The animals were removed from the anesthetic chamber, hemisected
immediately below the diaphragm, and the head, neck and thorax were immersed in iced
artificial cerebrospinal fluid (125Mm NaCl, 5mM KCl, 1.25 mM MgSO4, 24 mM NaHCO3,
1.25 mM KH2PO4, 2.5 mM CaCl and 10mM D-glucose). The skull bone overlying the
cerebral hemispheres and cerebellum was removed and the animal was decerebrated at the
precollicular level, removing all brain tissue rostral to this transection with suction. The
diaphragm was dissected from its attachments to the ribs and spine, and the anterior portion
of the rib cage and sternum were removed, exposing the thoracic cavity. The left phrenic
nerve was identified and isolated from its surrounding connective tissue. The lungs were
removed and the animal was transferred to a recording chamber where the descending aorta
was cannulated with a double lumen catheter. The animal was then artificially perfused
through the catheter with warmed artificial CSF plus 1.25% ficoll (Sigma Aldrich, St Louis,
MO) equilibrated with a 5% CO2/95% O2 gas mixture. The second lumen of the catheter
was connected to a pressure transducer to monitor perfusion pressure.

Perfusion was provided by a peristaltic pump (Watson Marlow, Falmouth, Cornwall)
circulating artificial perfusate in a circuit from an open reservoir, through the animal and
back to the reservoir. The perfusate was warmed by passing through a heated water jacket
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(Neslab Instruments, Portsmouth, NH) and filtered by passing through a bubble trap and
filter paper (Millipore, Billerica, MA). Perfusate seeped out of the open surgical sites of the
animal before being collected in the basin of the recording chamber and pumped back to the
reservoir of artificial CSF. The reservoir was continuously bubbled with a 5%CO2/95%O2
gas mixture.

Sustained respiratory activity was obtained after achieving appropriate perfusion pressure
and temperature. The pump speed was increased gradually to achieve a target perfusion
pressure between 40 and 60 mmHg. Once the perfusion pressure was within the target range,
temperature was increased by elevating the temperature in the water jacket to a target
temperature of 29°C at the aortic catheter. These settings have been shown in previous
experiments to reliably produce rhythmic phrenic nerve activity in the preparation[19]. The
phrenic nerve was draped over a bipolar electrode and encased in petroleum jelly.
Respiratory rate and perfusion pressure were allowed to reach near-constant levels for 10
minutes prior to initiating the experiment. In this model, we defined apnea as the absence of
phrenic burst activity for 20 seconds or longer.

2.2 Microdialysis into the Ventral Region of the Medulla
The experimental protocol used in this experiment was an adaptation of a previously
published OP poisoning model[5]. Anesthesia was induced with 2.2% isoflurane (Abbott
Labs, North Chicago, IL) in seven adult male Wistar rats (250-300 grams) and subsequently
titrated to maintain a respiratory rate of 40-60 bpm with sufficient anesthesia monitored via
foot pinch. Animals underwent a tracheostomy and breathed 100% oxygen spontaneously at
all times. 100% oxygen was used to maximize the oxygenation during the poisoning period
when respiratory rate decreased. During a baseline period the animals were anesthetized
with a constant level of isoflurane (range 1.6-1.8%) that was not changed once the
experiment began. Physiologic recordings included respiratory (airflow, respiratory rate,
end-tidal PCO2, oxyhemoglobin saturation) and cardiovascular (blood pressure, pulse rate)
parameters. All animals served as their own control with comparisons made between
baseline values and values during the experiment. Data were recorded using an A-D
converter and PC data acquisition system (ADI instruments, Colorado Springs, CO).

Animals were placed prone in a stereotactic apparatus with ear bars and a bite block (Kopf
Instruments, Tugunga, Ca). The skin overlying the skull was incised and retracted from
midline. Bilateral 2mm trephination holes were drilled in the skull over the posterior fossa
using stereotactic coordinates (-3.3 intra-aural, 2 mm lateral). A microdialysis guide cannula
(CMA Microdialysis, North Chelmsford, MA) was introduced into the holes to a depth of 6
mm. A 2 mm long, 100 kDa cut-off microdialysis probe was inserted into the guide cannula.
If placement of the catheter induced changes in the respiratory or cardiovascular parameters,
the animal was allowed to return to baseline values prior to proceeding. The animal was
maintained at a baseline level for at least 20 minutes prior to initiating the experimental
procedure.

2.3 Organophosphate Exposure and Controls
In the working heart-brainstem preparation 2,2-dichlorovinyl dimethyl phosphate
(dichlorvos, C4H7Cl2O4P, Sigma-Aldritch, St Louis, MO) and control solutions were
introduced into the reservoir of perfusate, exposing the brainstem and spinal cord to the OP
via perfusion through the aorta. As an experimental control for each animal, 1 cc of vehicle
alone (35% isopropyl alcohol) was introduced into the artificial perfusate reservoir. Ten
minutes later, dichlorvos (50 mg in 1cc of 35% isopropyl alcohol) was introduced into the
artificial perfusate reservoir. This dose of dichlorvos was chosen following a dose response
curve in 3 animals. Briefly, animals underwent identical surgical procedures as described in
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the working heart-brainstem section above prior to exposure to escalating doses of
dichlorvos. Individual animals were exposed to 1.2mg (animal 1), 12 mg, 24mg, 36mg
(animal 2) and 50 mg (animal 3) to identify the lowest dose of dichlorvos that resulted in
apnea. Artificial perfusion pressure, fictive respiratory rate and tidal volume (calculated
from phrenic nerve activity) were monitored for changes. Physiologic variables were
allowed to return to baseline between control and experimental exposures.

In the microdialysis experiments the dichlorvos was microdialyzed directly into the ventral
region of the medulla. Dialysis catheters inserted into bilateral guide cannulae were attached
to a syringe pump filled with the dialysis solution. The dialysis solution contained 12.5 mg/
cc of dichlorvos mixed from a stock solution of 25 mg of dichlorvos dissolved in 1 cc of
35% isopropyl alcohol and 1cc of CNS perfusion fluid (CMA Microdialysis, North
Chelmsford, MA). The dichlorvos solution was dialyzed at 5 μl per minute for a total of 12
minutes for a cumulative dose of 1.5 mg.

The primary endpoint of the microdialysis study was the interval from the onset of infusion
of dichlorvos to the onset of apnea. Secondary endpoints included changes of respiratory
and cardiovascular parameters from baseline. Apnea was defined as a cessation of airflow
through the pneumotachometer for more than 20 seconds. Physiologic recordings continued
for 10 minutes after the completion of microdialysis or until death occurred.

Confirmation of the probe placement was accomplished using KMnO4 to mark the location
of the center of the microdialysis probe membrane[20]. Following the termination of the
experiment, the dialysis probes were removed from the guide cannulae. The bilateral guide
cannulae remained clamped in stereotactic holders and in place during the removal of the
microdialysis catheter. Needles extending 1mm beyond the tip of the guide cannulae were
connected via tubing to a syringe pump (CMA Microdialysis, North Chelmsford, MA) and
inserted into the guide cannulae. KMnO4 (40mg/cc) was micro-injected at 8.3 μl/min for 5
min resulting in a direct oxidation of cells at the tip of the needle and a precipitation of
manganese dioxide visible to the naked eye in brain tissue sliced in a coronal plane. The
animal was perfused with 4% paraformaldehyde, and the brain was removed for sectioning
and identification of probe tip location. The brain was cut into 2mm thick coronal sections
and the location of the preBötC was identified using identification of the obex[21]. Thinner
slices were not feasible due to integrity of the slice during handling.

Control experiments for the microdialysis preparation were performed on 6 additional rats
prior to dichlorvos exposure. To control for possible effects of the vehicle, vehicle alone
(1:1 mixture of 35% isopropyl alcohol and CNS perfusion fluid) was dialyzed for 12
minutes at 5 μl per minute through dialysis catheters placed in the medulla. Respiratory and
cardiovascular parameters were compared to the animal's baseline values. To minimize the
number of experimental animals as requested by our Institutional Animal Care and Use
Committee, the minimum number of animals that allowed a statistically significant
comparison was used as controls.

2.4 Measurement of Dichlorvos Concentration in Brain Tissue
Dichlorvos exposure post-dialysis is related to a number of unknown factors such as the
permeability of the dialysis membrane to dichlorvos and diffusion constant of dichlorvos in
brain tissue. Direct measurements of tissue dichlorvos levels in the brainstem were
performed to determine the extent to which microdialysis caused significant dichlorvos
exposure to areas of the brainstem remote from the microdialysis membrane. A single
animal (n=1) underwent dialysis of dichlorvos into the ventral medulla as described above
and was decapitated immediately after the dialysis protocol was completed. The physiologic
data from this animal was not included in the results. The brainstem was removed and
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frozen at -20°C, sectioned into 2mm slices, cut into 1mm by 1mm square sections, weighed
and refrozen at -20°C and sent for analysis. All samples of the brainstem, as well as samples
of a similar size from the forebrain, were sent for determination of dichlorvos levels using a
gas chromatography mass spectrometer (GCMS). As a control, samples of forebrain tissue
from a naive animal (no intervention) were also sent for a determination of dichlorvos level.

Tissue samples were stored at -80° C prior to extraction. Dichlorvos was extracted from the
brain samples with ethyl acetate containing d6-dichlorvos internal standard and the extract
was directly analyzed by selected ion monitoring electron impact GCMS using a
modification of the method described by Ma et al [22]. Brain samples were extracted by
maceration and 5 min of sonication in a bath sonicator with 100 μl of ethyl acetate
containing 7.5 ng of d6- dichlorvos internal standard. The extract was cleared by
centrifugation for 5 min and the clear supernatant transferred to autosampler vials for GCMS
analysis. One μl of each sample was injected onto a 30 mm × 0.25 mm ID capillary column
that was connected directly to the ion source of a Waters Quattro-II triple quadrupole mass
spectrometer (Milford, MA). Helium was used as the carrier gas at a constant flow of 1 ml/
min and the column temperature was programmed from 75° C to 130° C at 30° C/min and
held at 130° for 3.7 min. Electron impact ionization (EI) was used at 70 eV with the source
at 225° C. Selected ion monitoring of m/z (mass to charge ratio of the ion) 108.9 (dwell 0.3
sec) for dichlorvos and m/z 114.9 (dwell 0.03 sec) for the internal standard. External
calibration standards containing 0.25, 0.5 and 1.0 μg/ml of dichlorvos and 0.5 μg/ml internal
standard were also analyzed before and after each 10 samples. The amount of dichlorvos in
each tissue sample was calculated from the ratio of the dichlorvos peak area to that of the
internal standard multiplied by 7.5 ng.

2.5 Data Analysis
2.5.1 Working heart-brainstem Preparation—Data were obtained using an A-D
hardware and data acquisition software system (ADI Instruments, Colorado Springs, CO). In
this manuscript we define fictive respiratory rate and fictive tidal volume as the neural
equivalent of respiratory rate and volume using previously published calculations of phrenic
activity[23]. Raw phrenic activity was filtered (Humbug Noise Eliminator, Vancouver, BC)
and amplified (Cyberamp 320, Molecular Devices, Sunnyvale, CA) prior to display. Phrenic
nerve activity was whole wave rectified and step-wise integrated over 50 ms intervals. The
onset of the inspiratory phase of activity was defined when the integrated signal exceeded 3
standard deviations above the mean of the signal during the mid- to late-expiratory phase.
Fictive tidal volume was calculated as a percentage of baseline, with 100% defined as peak
integrated phrenic activity and 0% as zero. Fictive respiratory rate was calculated as phrenic
bursts per minute. Results are presented as mean (± SD) unless otherwise noted. Data were
examined for normal distribution using a Lilliefors test. Comparisons of values between
baseline and post-exposure were performed using a repeated-measures ANOVA (comparing
effects over time), Student t-test or Wilcoxon signed-rank test (comparing final results at
endpoint of study) where appropriate.

2.5.2 Microdialysis—Respiratory and cardiovascular data during dialysis were
normalized to pre-dialysis baseline and are presented as mean (±SD) unless otherwise noted.
Comparisons between baseline and post-exposure for respiratory and cardiovascular
parameters were performed using Wilcoxon Signed Rank Test. A comparison of effect of
the vehicle (isopropyl alcohol) and dichlorvos was performed using repeated-measures
ANOVA.
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3.0 Results
3.1 Working heart-brainstem Preparation

Respiratory activity started after reaching an average perfusion pressure of 44.6 mmHg
(±8.7) and stabilized at a respiratory rate of 17.8 bpm (± 3.0) during the baseline period.
During the baseline period the respiratory activity was characterized by an inspiratory
duration and time between phrenic bursts of 1.42 (±0.36) sec and 2.02 (± 0.47) sec
respectively. The phrenic burst demonstrated a time to peak discharge of 0.57 (±0.3) sec.

There was no statistically significant change in fictive respiratory rate or fictive tidal volume
with exposure to vehicle alone. Respiratory activity began falling around 2 minutes after
dichlorvos was introduced into the reservoir (figure 1). Nine of 10 animals demonstrated a
steady decline in respiratory rate and eventual apnea an average of 3 min 42 sec (±2 min 48
sec) post dichlorvos exposure. Respiratory rate and fictive tidal volume decreased in all
animals 33% (±44.9) and 29% (±42.4) respectively within two minutes of poisoning.

Respiratory activity resumed post apnea in 8 of the 9 animals that demonstrated apnea.
Respiratory activity resumed an average of 11 min (±11 min 54 sec) after the point of apnea
with some animals demonstrating a sustained respiratory activity (n=5) and others a short
burst of respiratory activity followed by a resumption of apnea (n=3). Animals that
demonstrated sustained post-apneic respiratory activity had phrenic bursts at a regular rate
of 12.8 (±4.3) breaths per minute. The resumption of respiratory activity started regular but
slow and the rate increased gradually over time until the termination of the experiment one-
hour post dichlorvos exposure.

Following dichlorvos exposure we noted a rise in perfusion pressure despite constant pump
speed. Perfusion pressure increased 34% over baseline in all animals (10 of 10), peaking 1
min 43 sec (±17 sec) post exposure. The perfusion pressure showed no change during
exposure to vehicle alone.

3.2 Microdialysis into the PreBötC Region
Microdialysis of dichlorvos into the ventral region of the medulla resulted in a progressive
decrease in respiratory rate, volume of expired gas and minute ventilation (figure 2) but no
change in mean arterial pressure or pulse rate (figure 3). For a sample recording of
physiologic parameters see figure 4. Apnea was seen in 28.6 percent of the animals (2 of 7)
an average of 9 min 52 sec after the initiation of dialysis. In all animals, average respiratory
rate, volume of expired gas and minute ventilation each declined 45% or more by the end of
the study.

Microdialysis of vehicle alone (35% isopropyl alcohol in artificial CNS fluid, n=6) caused a
change in respiratory output, but did not cause apnea. Animals in the control group showed
no statistical change in volume of expired gas or minute ventilation but they did show an
average 9% decrease in respiratory rate (figure 2). The respiratory depressant effects
(volume of expired gas and respiratory rate) of dichlorvos dialysis were significantly greater
than vehicle alone. (p=0.036, ANOVA).

KMnO4 injection successfully marked the location of the microdialysis catheter tip in 72%
of animals. In the remaining cases injection of the KMnO4 failed due to obstruction within
the guide cannulae. The distribution of microdialysis catheter tip placements is depicted in
figure 5. A scatter plot of time to 50% reduction of minute ventilation vs distance of the
catheter tip from preBötC (figure 6) shows no correlation between the two data sets.
KMnO4 injection caused localized tissue coagulation and resulted in apnea in 83% of the
animals that were spontaneously breathing prior to the injection of KMnO4 (figure 7). In
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animals that were spontaneously breathing prior to the KMnO4, apnea occurred an average
of 1 min 34 sec post-initiation of injection, with three of the animals becoming apneic within
6 seconds of initiating the KMnO4 injection.

Dichlorvos levels in the brainstem are depicted in figure 8. The areas of the brainstem
closest to the dialysis catheter showed elevated levels of dichlorvos, but dichlorvos was
detected throughout the brainstem. Two samples taken from the forebrain of a naïve animal
showed levels of dichlorvos of 0 and 0.02 μg/g.

4.0 Discussion
Dichlorvos exposure of the brainstem and spinal cord in the working heart-brainstem
preparation resulted in a cessation of respiratory activity. The working heart-brainstem
preparation contains all respiratory-related brainstem sites as well as the thoracic and
cervical spinal cord. This animal preparation retains the connections within the brainstem,
but lacks descending input from the cerebral hemispheres (decerebration) or afferent input
from the lungs (bilateral pneumonectomy). Our findings imply that feedforward respiratory
inhibition secondary to cerebral hemispheric ictal activity[24] is not a necessary component
of dichlorvos-induced central apnea. It is possible that spinal circuits are involved in OP-
induced central apnea[25] as they remain present in this poisoning model, but the
involvement of brainstem circuits seems more likely because of our observation that apnea
was preceded by progressive slowing of rhythmic activity. The brainstem contains many
sites involved in respiratory control but it remains unclear which specific site in the
brainstem is both necessary and sufficient for OP-induced central apnea and the role of
specific sub-regions within the brainstem remains to be defined.

Previous studies have shown that bilateral ablation of the preBötC results in prolonged
apnea[26] and unilateral ablation of the preBötC results in transient apnea[11]. Shao and
Feldman demonstrated respiratory excitation after exposure of the preBötC to an
acetylcholinesterase inhibitor[27], but these findings are the reverse of what is seen
following a clinical exposure. This difference in findings may reflect differences in
experimental models. Their studies involved a medullary slice preparation without an intact
ponto-medullary respiratory neural network, and the perturbations in ACh levels were
designed to mimic changes within a physiological range rather than the acute toxic levels
achieved in OP poisoning. Another consideration is that OP exposure to other respiratory-
related neurons in the medulla may result in a modulation of afferent input, resulting in
respiratory depression. For example, stimulation of peripheral muscle afferent fibers (as
would occur during muscle fasciculation) has an inhibitory effect on respiratory activity[25]
and it is unknown how these inputs are modulated centrally by the poison.

Microdialysis of dichlorvos into the ventral aspect of the medulla in the region of the
preBötC did not result in apnea. Following microdialysis, animals demonstrated modest
respiratory depression; less than a third of the animals became apneic after prolonged
exposure, in contrast to the rapid and uniformly fatal development of central apnea
following parenteral OP exposure[5]. This implies that the dichlorvos exposure in this study
did not silence either preBötCs. This lack of apnea may be explained functionally
(dichlorvos exposure of the preBötC is not required for OP-induced apnea) or
methodologically (methodology did not provide a sufficient level of OP exposure to the
preBötC).

It is possible that methodological limitations of microdialysis affected preBötC exposure to
dichlorvos. The exact brain tissue levels of dichlorvos associated with a lethal poisoning is
not known, so we used an extrapolation of data from a previous study that measured brain

Gaspari and Paydarfar Page 7

Neurotoxicology. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



tissue levels following sub-lethal doses.[24] This assumes a linear correlation between
exposure (dose) and tissue levels that has not been verified. In addition, the microdialysis
probes were stereotactically placed at varying distances to the preBötC and there was a lack
of histological staining for the preBötC to corroborate the accuracy of probe placement.
Also, the methodology involved in measuring tissue dichlorvos levels is technically
challenging. The clearance of dichlorvos from brain tissue is rapid (with a half-life of ∼15
min[28]); therefore our measurements of tissue levels may be significantly lower than actual
peak levels achieved during in vivo microdialysis because of the inherent delays in
euthanizing the animals and preparing the tissue blocks prior to freezing. Questions
concerning the accuracy of probe placement, lethality of dichlorvos levels and challenges in
accurately measuring dichlorvos levels limit our ability to draw firm conclusions concerning
the role of the preBötC in OP-induced apnea.

A number of lines of evidence support the possibility that a wider exposure of the brainstem,
and not an isolated exposure of the preBötC, is required for OP-induced apnea. First, there
was no relationship between respiratory effects of dichlorvos and the distance from the
preBötC to the dialysis-membrane, implying the preBötC is not the area within the
brainstem that is necessary for OP-induced apnea. In addition, respiratory depression was
delayed from the initiation of microdialysis, implying a diffuse exposure of the brainstem, or
exposure to an area remote from the dialysis membrane. Microdialysis produces a diffusion
gradient extending away from the surface of the dialysis membrane that expands as the
volume of dialysis (and time of dialysis) increases. Third, microdialysis of dichlorvos
through bilateral catheter sites within the ventral region of the medulla in the area of the
preBötC resulted in measurable levels of dichlorvos throughout the brainstem. If our
assumptions used to extrapolate a lethal dichlorvos level are valid (see above) then we
would conclude that toxic levels of dichlorvos were achieved throughout the lower
brainstem. It is difficult to determine which respiratory-related sites within the brainstem
were exposed, as direct histological identification of subnuclei was not performed in this
study, but it is likely that regions of the ventral respiratory group and regions of the dorsal
respiratory group were exposed. It then follows that our findings of only modest and delayed
respiratory depression suggest that the region of the ventral medulla, including the preBötC
is not the necessary toxic site for dichlorvos-induced central apnea.

Limitations of microdialysis
Microdialysis is an inherently imprecise method for introducing a compound into a
biological tissue as evidenced by the higher dorsal levels of dichlorvos despite ventral
placement of the catheter membranes. Our findings suggest that microdialysis may not be
the optimal technique to use when addressing questions concerning specific brainstem
respiratory sites and OP-induced apnea, as it does not allow sufficient and reliable targeting
of specific areas such as the preBötC. The large catheter size (2mm) and the reliance on
diffusion for dichlorvos delivery are major limitations.

In summary, dichlorvos exposure of the entire rat brainstem is sufficient for OP-induced
central apnea. Our preliminary conclusion from the microdialysis experiments is that a wider
exposure of the brainstem beyond the region of the preBötC may be required for OP-
induced apnea. However we cannot exclude the possibility that dichlorvos dialyzed into the
region of the preBötC did not reach toxic levels.

5.0 Future Directions
Microinjection studies might allow more targeted exposure of discrete regions of the
brainstem to determine which sites are both necessary and sufficient for OP-induced apnea.
Alternative sites include areas in the medulla and pons involved in respiratory control. The
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pontine reticular formation is involved in the modulation of respiratory activity during sleep
[29] and respiratory depression occurs when stimulated by elevated levels of
acetylcholine[30]. Other sites in the ventral medulla produce an increase in respiration when
stimulated with acetylcholine[12] but a exposure to a combination of sites may be
responsible for apnea.
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Figure 1. A-E - Fictive respiratory activity post dichlorvos in the working heart brainstem
preparation
Fictive respiratory rate and tidal volume were calculated from an analysis of phrenic nerve
activity. Dichlorvos was introduced into the reservoir at time zero. Values are presented at a
percentage of baseline activity with 100% equal to peak phrenic discharge (tidal volume) or
rate of phrenic discharge (respiratory rate) during baseline period. A,B. Both fictive
respiration and fictive tidal volume drop significantly at 10 min post exposure to dichlorvos,
(n=10, p=0.0001 and p=0.0002, one sample t-test). C,D. Plots for each animal demonstrate
the heterogeneity of the poisoning model. E. A sample tracing of single animal phrenic
nerve activity is included (raw (above), integrated (below)) both before poisoning and post-
poisoning. Vertical black line represents dichlorvos exposure.
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Figure 2. ABC- Respiratory rate, volume of expired gas and minute ventilation post dialysis of
dichlorvos and vehicle into the ventral medulla
Microdialysis of dichlorvos was initiated at time zero. Data represent an average of all
experimental (dichlorvos) animals (open circles, n=7) and control (vehicle only) animals
(filled circles, n=6). All respiratory measurements decreased significantly post exposure
(p<0.0001, repeated measures ANOVA). The respiratory rate (A) and volume of expired gas
(B) were significantly different, comparing dichlorvos with vehicle alone (p<0.04,
ANOVA). There was no significant difference in minute ventilation (C) between groups
(p=0.12, ANOVA).
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Figure 3. AB - Pulse rate and mean arterial pressure post dialysis of dichlorvos into ventral
medulla
Microdialysis of dichlorvos was initiated at time zero. Data represent an average of all
animals (n=7). Blood pressure and pulse showed no significant change from baseline
(p=0.46, repeated measures ANOVA).
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Figure 4. Sample tracing of single animal recording in animal exposed to dichlorvos via
microdialysis into the ventral medulla
Physiologic recordings from a single animal during microdialysis of dichlorvos into the
ventral medulla with end-tidal carbon dioxide (ETCO2), Mean arterial pressure (MAP) and
calculated tidal volume. ETCO2 and MAP are presented as millimeters of mercury (mmHg).
Tidal volume was calculated as cc's. Dichlorvos microdialysis was initiated at the first black
line and completed at the second black line. For this animal, respiratory rate declined during
the microdialysis from a rate of 44 breaths per minute during the baseline period to 18
breaths per minute post microdialysis.
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Figure 5. Microdialysis probe locations
Dialysis probe tip locations (n=10) were marked using microinjection of KMnO4 at the
midpoint of the 2mm × 0.4mm dialysis membrane. The level of the brainstem slice depicted
in the drawing is 3.3 mm caudal to intra-aural. The grey squares represent the region of the
preBötC. Black rectangles represent the 2mm dialysis membrane. The red circle represents
an injection site 2mm cephalad to the preBötC. Animals with inadequate KMnO4 injection
resulting in an insufficient lesion on the histological specimen were not included. The figure
is adapted from a digital rat brain atlas (Paxinos & Watson, 2008).
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Figure 6. Relationship of changes in minute ventilation and average distance from preBötC
The distance of the probe location from the preBötC was measured in three dimensions and
plotted against time to 50% of baseline minute ventilation. Each dot represents an average of
both sites for a single animal. Animals with inadequate KMnO4 injection resulting in an
insufficient lesion on the histological specimen were not included.

Gaspari and Paydarfar Page 16

Neurotoxicology. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. ABC – Respiratory rate, volume of expired gas and minute ventilation post injection of
KMnO4 into the ventral medulla
Microinjection of KMnO4 was initiated at time zero. Data represents an average for vehicle
alone (2 of 2) and experimental (3 of 4) animals that were breathing at the end of the
experiment. Animals that were not breathing at the beginning of the KMnO4 injection were
not included in this data set. Respiratory parameters showed a significant change from
baseline (p<0.05, Wilcoxon Signed Rank Test)
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Figure 8. Amount of dichlorvos in brainstem following microdialysis of dichlorvos into the
ventral medulla
Microdialysis of dichlorvos (bilateral 750 μg over 12 minutes) was performed prior to
sectioning the brainstem of a single animal along solid lines. The dichlorvos in each sample
(1mm × 1mm × 2mm) was extracted and measured via gas chromatography-mass
spectrometer. The results are presented as μg of dichlorvos per gram of brain tissue. Brain
slices are number from rostral (slice 1) to caudal (slice 4). The region of the preBötC is
depicted by a black circle.
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