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Abstract. Lidocaine hydrochloride causes an increase in respiratory frequency (f) when
infused into the rostral hypothalamus of the rat. The purpose of our study was to determine
whether this increased f was primarily due to: (i) a direct increase in neural respiratory drive;
(i) a change in metabolism, mediated by the hypothalamus, causing increased carbon
dioxide production and secondary hyperpnea; or (iii) a combination of these phenomena.
Arterial carbon dioxide tension (P,CO,), f, and tidal volume (V,) were measured in awake,
unrestrained, tranquilized rats before and after the infusion of either lidocaine or hypertonic
saline into the rostral hypothalamus. At peak increase in f, approximately 2 min after
lidocaine infusion, f had increased 26.5 breaths/min (28.3%), P,CO, had decreased 3.5 mm
Hg (10.3%), and V, was unchanged. There was no change inf, V,, or P,CO, 2 min after saline
infusion. Since an increase in carbon dioxide production typically causes increased ventila-
tion with a stable P,CO,, the increased f and hypocapnia seen following infusion of the local
anesthetic lidocaine are best explained by a depression of inhibitory neural discharge from
the rostral hypothalamus resulting in increased discharge from the lower brainstem respira-

tory control centers.

The major centers responsible for respi-
ratory control are located in the pons and
medulla. However, higher structures also
influence respiration. We recently demon-
strated that infusion of the putative neuro-
transmitters norepinephrine or thyrotropin-
releasing hormone into the rostral hypo-
thalamus (RHT) of the rat, i.e., the anterior
hypothalamus and preoptic area, caused an
increase in respiratory frequency (1). This
hyperpnea was apparently due to depres-
sion of an inhibitory neural pathway, since
the injection of lidocaine into the RHT pro-
duced the same effect (1). While it was felt
that the increased respiratory frequency (f)
was most likely true hyperventilation, the
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data obtained did not exclude the possibility
that the increase in breathing was a response
to an increase in metabolism. The fact that
the rats required tranquilization to avoid
gross behavioral effects from the infusion
suggested that changes in metabolism might
occur even without a clear behavioral re-
sponse.

The purpose of this study was to deter-
mine whether the increased f induced by
lidocaine infused into the RHT was primar-
ily mediated through: (i) a direct increase in
neural respiratory drive; (ii) an increase in
metabolism causing increased CO, produc-
tion (VCO,) and a secondary increase in
ventilation; or (iii) a combination of these
two phenomena. A direct increase in neural
respiratory drive at constant VCO, will
produce a fall in P,CO, proportional to the
increase in ventilation. When increasing
levels of carbon dioxide are delivered to the
lung due to increases in VCO,, ventilation
increases but the partial pressure of carbon
dioxide in arterial blood (P,CO;) remains
stable or rises slightly (2—4). To assess the
relative role of these two phenomena, we
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measured P,CO, and ventilation before and
after an infusion of lidocaine into the RHT.

Methods. Male Sprague—Dawley rats
weighing 250 to 300 g were anesthetized
with sodium pentobarbital (50 mg/kg), and
single 23-gauge stainless steel guide tubes
were chronically implanted through holes
bored in the skull. The guide tubes were
positioned above the RHT, 5.0 mm below
the dura, 7.2 mm anterior to stereotaxic
zero, and 0.75 mm left of the midline (5).
The animals were allowed to recover for at
least 6 days.

For all infusions the rats were tran-
quilized with haloperidol (2—6 mg/kg) to
prevent the activity (exploratory behavior
and grooming) that frequently accompanied
lidocaine infusions in preliminary experi-
ments. Such activity would make accurate
determination of respiratory rate impossi-
ble and would affect CO, production in an
unpredictable manner. Then 28-gauge
stainless steel cannulae were inserted
through the guide tubes to approximately
the depth of the RHT, 8.0 mm below the
dura. Either hypertonic saline or lidocaine
hydrochloride was infused, using a Model
351 Sage pump (Sage Instruments, Cam-
bridge, Mass.) driving a 10-ul Hamilton
syringe (Hamilton Co., Reno, Nev.). A
volume of 0.25 ul was infused over 30 sec in
most studies; however, in some animals a
volume of only 0.125 ul infused over 30 sec
was found to be effective. Lidocaine was
infused at a concentration of 70 mg/ml
(0.249 mmo/ml) and a pH of 4.9 units.
Hypertonic saline was infused at a concen-
tration of 14.6 mg/ml (0.252 mmo/ml) and a
pH of 5.6 units. Previous studies show that
infusing fluids into the RHT with pH differ-
ences in this range do not cause changes inf
(1). No animal was given more than one
infusion per day.

Ventilation was monitored using a whole
body plethysmograph. The unrestrained
animals were placed in a Plexiglas box
through which a 2 liter/min flow of humidi-
fied room air was maintained across very
high inflow and outflow resistances (modified
from Pappenheimer) (6). The tidal volume
(Vi) was determined using the increase in
pressure caused by the warming and humidi-
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fication of each inspired breath (7). These
pressure changes were measured using a
Statham PM-5 transducer (Statham Instru-
ments, Hato Rey, Puerto Rico) whose output
was amplified and recorded on a Grass Model
5 polygraph (Grass Instruments, Quincy,
Mass.). The box volume was much greater
than the VCO, of the rat. Consequently, the
PCO, of the effluent gas was too low for ac-
curate measurement and the washout of the
box was slow, obscuring detection of tran-
sients of VCO,. Thus, VCO, could not be
measured. The animals were kept in the ple-
thysmograph for about 5 min, until f was con-
stant, before the 30-sec infusion was begun
and then for an average of 8 min after the in-
fusion, until f had returned to baseline.

In order to obtain serial samples of arte-
rial blood, a second operation was per-
formed on those animals with appropriately
positioned injection cannulae. Cannula
placement was assumed to be accurate,
pending histologic confirmation, if lido-
caine infusion caused an increase in f of
greater than 20% (1). Each animal was
anesthetized as before and a polyethylene
cannula was inserted into the femoral artery
according to a technique described by
Jerome Dempsey (personal communica-
tion). The cannula consisted of 6 cm of
PE10 tubing (Intramedic polyethylene tub-
ing, i.d. 0.011 in., o.d. 0.024 in., Clay
Adams, Parsippany, N.Y.) fused with 25
cm of PES5S0 tubing (Intramedic polyethyl-
ene tubing, i.d. 0.023 in., o.d. 0.038 in.,
Clay Adams, Parsippany, N.Y.). The PE10
tubing extended about 5 cm into the artery
and the PES0 tubing was passed subcutane-
ously to a point between the scapulae
where it was brought out through the skin.
The cannula was then filled with heparin-
ized saline (10 units/ml), plugged, and se-
cured with adhesive tape. The animals were
allowed to recover for 24 hr before further
study.

After recovery from the arterial cannula-
tion, the animals were tranquilized as be-
fore and placed in the whole body plethys-
mograph. The arterial cannula was flushed
with heparinized saline (10 units/ml). The f
and V, were continuously monitored. The
infusion of lidocaine was conducted as be-
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fore, except that a 0.25-ml arterial blood
sample was allowed to flow spontaneously
into a heparinized glass capillary tube at
three points during the experiment: (i)
preinfusion, at the end of a control period of
at least 5 min during which the animal had
established a stable f; (ii) postinfusion I, at
the peak increase in f; and (iii) postinfusion
II, after the animal had returned to the
baseline f, usually about 8 min after the in-
fusion. All arterial blood samples were
transported in melting ice. The pH, P,CO,,
and partial pressure of arterial oxygen
(P,0,) of the samples were measured by a
blood gas analyzer (IL 813, Instrumentation
Laboratories, Inc., Lexington, Mass.)
within 15 min of being drawn. When possi-
ble, the studies were repeated at 1- to 2-day
intervals.

Although each of the seven lidocaine-
infused animals served as its own control
(preinfusion and 8 min postinfusion val-
ues), an additional control procedure using
hypertonic saline infusion was thought to be
useful. Although such an infusion does not
stimulate breathing (1), we wished to evalu-
ate the possibility that infusion of fluid into
the RHT might, in itself, produce alter-
ations in arterial blood gases (presumably
by changing metabolic rate). We evaluated
two animals in the lidocaine-tested group
for ventilatory and blood gas responses to
hypertonic saline. In the other five lido-
caine-tested animals, problems with the
femoral cannulae precluded further evalua-
tion. For statistical purposes, four addi-
tional animals were used to evaluate re-
sponses to saline in the RHT. Their surgical
preparation and tranquilization were the
same as for the previous group. Since no
increase in f was seen postinfusion in the
saline animals, the arterial blood samples
were drawn arbitrarily at three points: (i)
preinfusion, as above; (ii) postinfusion I, 2
min after the infusion; and (iii) postinfusion
II, 7 to 8 min after the infusion. Each rat
was studied twice, with at least 24 hr be-
tween studies.

Histologic confirmation of the infusion
site was obtained in all animals. The rats
were anesthetized, the injection cannula
was placed at the same location used for all
lidocaine and saline infusions, and methy-
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lene blue dye was infused (2 mg/ml, 0.25 ul
over 30 sec). The animals were then
sacrificed by opening the chest and perfus-
ing the circulatory system with physiologic
saline followed by 10% buffered formalin.
After perfusion, the brain was cut into
75-um sections and examined microscop-
ically. The injection site was located rela-
tive to easily determined local landmarks
(5). Tissue injury and destruction at the in-
jection site was minimal.

Average values were used for analysis of
animals receiving more than one lidocaine
infusion and for analysis of all saline
animals. The changes in pH, P,CO;, P,0O,,
f, and V, in response to RHT infusions of
lidocaine or hypertonic saline were ana-
lyzed using a paired Student’s ¢ test. The
difference between the saline and lidocaine
infusions were analyzed using an unpaired
Student’s ¢ test. A P value of less than 0.05
was considered significant. All values are
reported as mean * standard deviation (SD).

Results. Lidocaine infusion. Seven
animals received a total of 12 lidocaine in-
fusions. The injection site was 7.5 * 0.4
mm anterior to stereotaxic zero and 1.2 *
0.3 mm to the left of midline, at a depth of
7.7 = 0.6 mm below the dura. The re-
sponses of pH, P,CO,, P,0,, f, and V, to
the infusion of lidocaine into the RHT are
recorded in Table I. At postinfusion I, 2.1 *
0.5 min after the infusion, there was a sig-
nificant fall in P,CO, while f and P,O, in-
creased. The pH and V, did not change. At
postinfusion II, 8.4 + 2.5 min after the infu-
sion, P,CO, and f had returned to baseline
levels while P,0, remained elevated.

Saline infusion. Two of the seven animals
described above received infusions of
hypertonic saline in addition to lidocaine.
The average change of P,CO, and f in re-
sponse to both saline and lidocaine infusion
for these animals is shown in Fig. 1.

For all six animals receiving hypertonic
saline infusions, the injection site was 7.5 +
0.3 mm anterior to stereotaxic zero and 0.9
+ 0.3 mm to the left of midline, at a depth of
7.6 = 1.0 mm below the dura. The re-
sponses of pH, P,CO,, P,0,, f, and V, to
hypertonic saline infusion are recorded in
Table I. At postinfusion I, 2.3 = 0.4 min
after the infusion, there was no change in
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TABLE I. EFFecT OF ROSTRAL HYPOTHALAMIC INFUSION OF LIDOCAINE OR SALINE ON ARTERIAL BLoOD
GASES AND VENTILATION

Postinfusion?
Preinfusion 1 11

Lidocaine (n = 7)

pH 7.47 = 0.04° 7.49 = 0.04 7.46 = 0.03

P,CO, (mm Hg) 339+32 30.4 + 4.2* 34.2 £ 3.1%*

P,0O, (mm Hg) 98.9 + 3.9 105.8 = 5.9* 104.8 + 9.8*

f (breaths/min) 93.7+17.1 120.2 *+ 13.0* 96.3 + 9.2%*

V¢ (ml) 2.5+0.5 2.6 0.6 25=+0.6
Saline (n = 6)

pH 7.46 + 0.02 7.46 + 0.02 7.45 = 0.03

P,CO, (mm Hg) 36.0 + 0.8 370 £ 1.4 37.6 = 0.6*

P,0, (mm Hg) 104.1 £ 7.0 102.6 + 6.0 101.9 + 7.2*

f (breaths/min) 87.4+ 7.3 88.4 + 8.7 88.3 + 7.7

V., (ml) 28+04 2803 27+04

Note. Abbreviations: P,CO,, partial pressure of arterial carbon dioxide; P,0,, partial pressure of arterial
oxygen; f, respiratory frequency; V,, tidal volume; MAP, mean arterial blood pressure.

“ In the lidocaine group the postinfusion I measurements were obtained at the peak of the fresponse (2.1 = 0.5
min postinfusion), and the postinfusion II measurements were obtained after the animal had returned to baseline f
(8.4 = 2.5 min postinfusion). In the saline group there was no change in f. Thus, arbitrarily, the postinfusion I
measurements were made at 2.3 + 0.4 min postinfusion and the postinfusion II measurements were made at 7.6
0.9 min postinfusion.

® Mean + SD.

* Significantly different than preinfusion values, P < 0.05.
** Significantly different than values obtained at postinfusion I, P < 0.05.

any variable. At postinfusion II, 7.6 = 0.9
min after the infusion, the P,CO, had in-
creased a small amount with a correspond-
ing fall in P,0O,. The pH, f, and V, did not q'4°
change.

Lidocaine vs hypertonic saline. The two Ji20
groups behaved differently with respect to
P,CO, and f after lidocaine infusion. The

lidocaine group had a significantly lower 1'°°

ulw/syjealq

PaCO o mmHg

lated to the percentage change in f in a
1

P,CO, at both postinfusion I and postinfu-
sion II; the f was higher in this group at asp 480
postinfusion I (see Fig. 2). The percentage
linear fashion (see Fig. 3).

Discussion. This study demonstrates a il
fall in arterial PCO, coincident with the rise
in respiratory frequency which occurs
about 2 min after infusion of lidocaine hy-
sion of hypertonic saline at the same loca- PRE-  POST-  POST-
tion resulted in no change in f or P,CO, at INFUSION INFUSION |  INFUSION }t
the same postinfusion interval. The rapid  pg 1. The change in arterial carbon dioxide
fa:“ in P,CO, following the llfiocal.ne infu-  (p,CO,) and respiratory frequency (f) are shown for
sion strongly suggests that a direct increase  two rats that received both lidocaine (@) and saline (O)

change in P,CO, at postinfusion I was re-
drochloride into the RHT of the rat. Infu- o‘f ) . )
in neural respiratory drive has occurred. infusions.
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F1G. 2. The arterial carbon dioxide tension (P,CO,)
and respiratory frequency (f) are shown for the
lidocaine-infused animals (@) and the saline-infused
animals (O) at three points: preinfusion, postinfusion
I, and postinfusion II (see Table I). With respect to
P,CO,, the two groups behaved differently at postinfu-
sion I (P < 0.01) and at postinfusion II (P < 0.05). With
respect to f, the two groups behaved differently only at
postinfusion I (P < 0.01). *Different than the preinfu-
sion values (P < 0.01); tdifferent than the postinfusion
I value (P < 0.05); idifferent than the postinfusion I
value (P < 0.01).

The injection sites used in these animals
were the same as those reported to be as-
sociated with increases in f after infusion of
norepinephrine, thyrotropin-releasing hor-
mone (TRH), or lidocaine (1). Norepineph-
rine and TRH inhibit cell discharge in the
RHT (8). Lidocaine also depresses neural
discharge in the central nervous system,
apparently preferentially affecting inhib-
itory fibers (9) and synapses (10). These
findings suggest that the increase in f seen
in this study was due to decreased dis-
charge from inhibitory neurons in the RHT.

This proposed depression of inhibitory
discharge in the RHT could increase f in
one of three ways: (i) alteration of the met-
abolic status of the rat increasing VCO,
and, secondarily, f; (ii) true hyperventila-
tion due to a direct increase in neural respi-
ratory drive resulting from the release of
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Fic. 3. The average change in arterial carbon
dioxide tension (P,CO;) and respiratory frequency (f)
from the preinfusion value to the postinfusion I value
is plotted for each lidocaine-infused animal (@) and
each saline-infused animal (O). A line determined by
least-squares linear regression analysis is drawn
through the points.

lower respiratory centers from the inhib-
itory influence of the RHT; or (iii) a combi-
nation of these phenomena. If the change in
f was due to increased VCO,, the P,CO, at
peak f should have been about the same as
(2, 3) or slightly higher than (4) the preinfu-
sion value. Instead we found a significant
fall in P,CO, at peak f, approximately 2 min
postinfusion.

It takes 45 min to reach a new steady
state for P,CO, and body CO, stores after
any change in ventilation (11). At any point
following an increase in ventilation, 16% of
those CO, stores which remain to be re-
moved are exhaled each minute (11). At 2.1
min only 30.2% of the potential change in
CO, stores will have been realized. Since at
this point the P,CO, was observed to have
fallen 3.5 mm Hg from baseline, one can
predict that it would have fallen 11.6 mm
Hg had the increase in ventilation been
maintained until a new equilibrium was
reached. In that case, PCO, would have
fallen 34.2% while minute ventilation (f X
V) rose 33.4%. The measured change in
ventilation fully accounts for the extrapo-
lated change in PCO,. Thus, while we do
not measure VCO; and can not exclude the
possibility that it increased, the demon-
strated fall in P,CO, suggests that the pre-
dominant effect of lidocaine infused into the
RHT was a direct increase in neural respi-
ratory drive which was clearly dispropor-
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tionate to any possible response secondary
to a change in metabolism.

Several neuroanatomical studies in rats
have demonstrated neural pathways from
the RHT to regions of the medulla and pons
which are thought to be involved in control
of respiration. Efferents of the lateral
hypothalamus, which is richly intercon-
nected with the RHT, extend to the para-
brachial nucleus (the pneumotaxic area) and
the locus ceruleus (12). Efferent fibers of
the preoptic area also extend to the locus
ceruleus (13). Direct efferents from the
anterior hypothalamus and preoptic area
extend caudally to areas of the brainstem in
the general vicinity of the pons and
medulla: the raphe nucleus, the ventral
tegmental area, and the reticular formation
(13, 14). In addition, Redgate (15) found
that instillation of phenobarbital into the
hypothalamus of the cat altered inspiratory
area excitability in the medulla. Thus, it is
reasonable to think that a depression of in-
hibitory discharge in the RHT might release
neurons in the lower brainstem respiratory
control centers and cause an increase in re-
spiratory frequency.

In summary, we have demonstrated a fall
in arterial PCO, occurring simultaneously
with an increase in respiratory frequency
approximately 2 min after the infusion of
lidocaine hydrochloride into the rostral
hypothalamus. These findings can be ex-
plained by a depression of inhibitory neural
pathways from the rostral hypothalamus
allowing increased output from brainstem
respiratory control centers resulting in in-
creased breathing frequency.
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