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Bacterial lipopolysaccharide (LPS) stimulates massive release
of tumor necrosis factor-aipha (TNF-a) together with nitric ox-
ide (NO) and a lessor release of leptin. We hypothesized that
other types of stress such as that of surgery might also release
these cytokines and NO. Adult male rats were anesthetized with
ketamine/acepromazine/xylazine anesthesia (90 + 2 + 6 mg/ml,
respectively) and an external jugular catheter was inserted for
removal of blood samples (0.6 ml) at various times post-
operatively. Plasma TNF-o was almost undetectable in decapi-
tated rats and was near zero immediately following the place-
ment of the jugular catheter (time zero [t0]). As the rats awak-
ened from anesthesia, there was a rise in TNF-a at 30 min that
peaked at 2 hr with a 400-fold increase and then precipitously
declined 40-fold to a level still greater than zero at 3 hr. At 6 hr
on the following morning, TNF-a values were near zero, but
following connection of tubing and withdrawal of the initial
blood sample, there was a 100-fold increase 1 hr later, followed
by a deciine over the next 3 hr. In contrast, plasma [NO,/NO,]
from decapitated rats was 117 yM. Values at t0 were decreased
and plummeted 4-fold within 30 min, then rose slightly in the
ensuing 3 hr. At 6 hr on the next day [NO,/NO,] values were
lower than at t0 and declined gradually during the next 4 hr.
Leptin gradually declined from pre-operative concentrations,
reaching a minimum at 3 hr and its concentration was unaf-
fected by the bleeding stress of the second day. We conclude
that release of TNF-c, [NO,/NO,), and ieptin are neurally con-
trolied since plasma levels of all three declined as a result of
anesthesia. TNF-o secretion was remarkably stress responsive,
whereas NO release appeared to be suppressed by the com-
bined operative and bleeding stress, and ieptin was stress
unresponsive. (Exp Biol Med Vol. 226(4):296-300, 2001]
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ifferent types of stress produce alterations in the
Dimmune, endocrine, and nervous systems. Rather

than acting independently, these systems are closely
interrelated through their messenger molecules: cytokines,
hormones, neurotransmitters, and nitric oxide (NO) (1),
constituting a complex network that allows the organism to
respond as a whole to noxious stimuli and changes of the
environment in order to preserve homeostasis.

In the inflammatory stress induced by peripheral or
central administration of lipopolysaccharide (LPS) in ro-
dents, there are a number of changes in the immune system
such as stimulation of release of acute phase proteins, in-
duction of NO synthase (NOS) activity and synthesis, and
increased release of cytokines (2-7). Tumor necrosis factor-
alpha (TNF-a) and interleukin-1 released from immune
cells reach the central nervous system (CNS) and increase
release of corticotrophin-releasing hormone (CRH) that ac-
tivates the pituitary-adrenal axis (7). LPS also alters the
release of other pituitary hormones in rats, increasing pro-
lactin release and decreasing growth hormone and luteiniz-
ing hormone release (8). There are a variety of changes in
the CNS caused by LPS as well, many of which are prob-
ably mediated by LPS-induced cytokines such as alterations
of central and peripheral catecholamine (9, 10) levels and
alteration of neurotransmitter release in different areas of
the brain (11). These result in induction of fever and loss of
appetite, libido, and somnolence.

In previous research we have determined that an intra-
venous injection of LPS in conscious, freely moving rats
bearing indwelling jugular catheters increased the release of
TNF-a almost 50-fold within 30 min (12) and also in-
creased leptin release 2-fold over baseline 2 hr after injec-
tion (13, 14). Similar results were found in in vivo experi-
ments in mice (15).

Since the dramatic release of TNF-a that began almost
immediately after the intravenous injection of LPS was
much greater quantitatively than the equally rapid release of
adrenocorticotrophic hormone (ACTH) (8, 12), we con-
cluded that TNF-a was a very important stress hormone that
might be released in response to other stresses such as sur-
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gery. Consequently, to further investigate the possible rela-
tionship between TNF-a, leptin, and NO during surgical
stress, we decided to measure plasma concentrations of lep-
tin, TNF-a, nitrates, and nitrites [NO;/NO,], as an index of
NO production before, during, and after placing external
Jugular catheters in anesthetized (ketamine/acepromazine/
Xylazine) male rats.

Materials and Methods

Animals. Two groups of adult male rats (347 7.5 g,
large) and (500 + 9 g, larger) of the Holtzman strain (Har-
lan, Sprague Dawley, Inc.) were employed. After arrival the
animals were allowed to acclimate for 2 weeks. They were
housed two per cage in a room with controlled temperature
(23°-25°C) and lighting (lights on from 0700-1900 hr). A
standard pellet diet and tap water were available ad libitum.
Procedures involving animals were approved by the Pen-
nington Biomedical Research Center Institutional Animal
Care and Use Committee, protocol 97.

Decapitated Animals. A total of 10 rats were de-
capitated (large, n = 4) and (larger, n = 6) by means of a
guillotine and trunk blood was collected in sterile 15-ml
capacity plastic tubes containing 6 .1 of heparin 5000 IU/ml.

Repeated Blood Sampling. Twelve rats (large, n
= 4) and (larger, n = 8) were brought to the laboratory
from the vivarium and were housed individually on the
morning of the experiment. After resting for 1 hr they were
anesthetized by an intraperitoneal injection of 0.1 ml/.100 g
body wt. of ketamine/acepromazine/xylazine anesthesia (90
+2 + 6 mg/ml, respectively). After the rats were completely
anesthetized, a skin incision was made and a silastic catheter
was introduced into the right external jugular vein and ad-
vanced to the right atrium according to the technique: of
Harms and Ojeda (16). Immediately after the operation,
Polyethylene tubing was connected to the silastic catheter
and 0.6 ml of blood was withdrawn and replaced with an
equal volume of 0.9% NaCl containing 500 IU/ml of hep-
arin (saline). Thereafter, blood samples were collected at 30,
120, and 180 min during the first day and replaced with
equal volumes of saline. After the 180-min sample was
withdrawn, the rats were disconnected from the polyethyl-
ene tubing. Water and the pellet diet were available after
this time until the following morning. Then, the animals
Wwere reconnected to the polyethylene tubing at 0600 hr and
a 0.6-ml blood sample was withdrawn and replaced with
saline as before. Thereafter, blood samples were collected at
60, 120, and 240 min and replaced with equal volumes of
saline. Blood was centrifuged (700g) for 15 min and the
plasma was stored at —70°C until assays for determination
of TNF-a, leptin, and [NO,/NO,] were performed.

Plasma [NO,/NO,] Measurement. [NO;/NO,]
was determined using a kit purchased from Cayman Chemi-
cal Co. (Ann Arbor, MI). The optical density was deter-
mined at 540 nm using a microplate reader (Bio-Rad, model
550).

Plasma Leptin Determination. Leptin was mea-

sured by radioimmunoassay (RIA) using rat leptin RIA kits
purchased from Linko Research, Inc. (St. Charles, MO).

Plasma TNF-a Measurement. TNF-a was deter-
mined by the sandwich enzyme immunoassay technique us-
ing a rat TNF-a kit bought from Quantikine M, R&D Sys-
tems (Minneapolis, MN). The optical density was deter-
mined at 450 nm with a wavelength correction set at 540 nm
using a microplate reader (Bio-Rad, model 550).

Statistical Analysis. Since there was a strong, sig-
nificant correlation of all parameters with body weight, data
were normalized by body weight and expressed as mean +
SEM. Statistical differences between two means were cal-
culated by Student’s ¢ test when the data passed the nor-
mality and equal variance test. When the data failed to pass
this test a nonparametric test was performed, namely the
Mann Whitney U-test.

Results

Plasma Concentrations of Leptin, [NO,/NO,],
and TNF-a Before Operation. Ten animals were de-
capitated at the time the operation was performed in the
other rats and trunk blood was collected. Plasma leptin con-
centrations were significantly (P < 0.01) greater in the
group of larger than in the large rats (Fig. 1). Plasma [NO,/
NO,] was similarly related to the weight of the rats (Fig. 2).
Plasma TNF-a levels were below the sensitivity of the as-
say; i.e. less than 12.5 pg/ml,

Plasma Concentrations of Leptin, [NO,/NO,],
and TNF-a After Operation. In the first day, immedi-
ately following the placement of the jugular catheter (time
zero [t0]) at which time the rats were fully anesthetized,
plasma TNF-a was near zero (Fig. 3). Within 30 min there
was a rise (P = 0.01) in TNF-a that peaked at 2 hr with a
400-fold increase (P < 0.0003) and then precipitously de-
clined 40-fold to a level still greater than zero at 3 hr (P <
0.001). On the second day, at 6 hr TNF-a values were near
zero, but following connection of tubing and withdrawal of
the initial blood sample, there was a 100-fold increase (P <
0.001) 1 hr later followed by a decline over the next 3 hr.

In contrast, [NO;/NO,| was almost three times higher
in decapitated animals than in the anesthetized, operated rats
at [t0] of the first day (P < 0.001; Fig. 4). Values declined
4-fold (P < 0.001) within 30 min (Fig. 5) and remained at
that concentration until 2 hr. By 3 hr there was a slight
increase, (PNS versus 0.5 and 2 hr, respectively), but values
were still significantly lower than at [t0] (P < 0.05). Plasma
[NO,/NO,] at [t0] of the second day was similar to that at
{tO] of the first day, but it was still significantly lower than
preoperative values determined in decapitated rats (P <
0.001; Fig. 4). Thereafter, values started to decline, reaching
a minimum at 4 hr (P = 0.01 versus [t0] of the second day
and P < 0.01 versus [t0] of the first day (Fig. 5).

There were no significant differences between plasma
leptin values in decapitated rats and anesthetized, operated
animals at [t0] of the first day. Afier operation, plasma
leptin concentration declined, reaching a minimum at 3 hr
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Figure 1. Plasma leptin concentration in rats of different body
weight. Large rats (347 + 7.5 grams; n = 4) and larger rats (500 + 9,
n = 8). The height of the bar indicates the mean; vertical lines above
the mean represents 1 SEM. **P < 0.01 versus small rats.
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Figure 2. Ptasma [NO4/NO,] concentration of the same rats as in
Figure 1 of different body weights. **P < 0.01 versus large rats.

(P < 0.01; Fig. 6). On the second day, plasma leptin was
higher than the minimum determined the day before (P <
0.01) and was not significantly different from the preopera-
tive concentration. There were no significant variations of
plasma leptin concentration during the second day.

Discussion

Since the stress of injection of LPS induced a release of
the cytokines TNF-a and leptin, and NO, we hypothesized
that these compounds might also be released during stress as
epitomized by surgery. The surgery was performed under
anesthesia with ketamine/acepromasine/xylazine. Anesthe-
sia rapidly decreased plasma [NO,/NO,] since the values of
[NO,/NO,] were highly significantly reduced below those
obtained in decapitated animals by the time the jugular
catheter had been placed, at which time the rats were
still completely anesthetized. The practically undetectable
levels of TNF-a, on the other hand, were not altered at this
time. Since plasma TNF-« rapidly increased as the rats
awakened, it appears that anesthesia blocked the initial re-
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Figure 3. Plasma TNF-« after operation. Individual values were nor-
malized by body weight and expressed as pg/ml/450 g. [t0] of first
day was between 0800 and 11:30 hr and [t0] of the second day was
between 0600 and 6:30 hr. P < 0.05, **P < 0.01, and #**P < 0.001
versus [t0] of the first day, P°P < 0.01 and P°®P < 0.001 versus [t0] of
the second day.

Plasma NO;-NO, [, M]

Decapitated Rats Time 0 First Day Time 0 Second Day

Figure 4. Comparison of plasma [NO4/NO,] between decapitated
animals and [t0] of first and second day. ***P < 0.001 versus decapi-
tated animals.

lease of TNF-a induced by surgical stress. Plasma leptin
values gradually declined post-operatively and were highly
significantly lowered by 3 hr post-operatively. In a subse-
quent experiment we also showed that simply anesthetizing
the animals lowered leptin concentrations similarly. There-
fore, the decline in leptin levels following surgery was
not caused by the stress of surgery, but was caused by
anesthesia. We believe that the release of leptin and NO
is under neural control since plasma concentrations of
both substances decreased following initiation of anesthe-
sia. The decrease in [NO3/NO,] was much more rapid and
of greater magnitude than that of leptin, suggesting that the
inhibition of NO release was of greater magnitude than that
of leptin.

We believe that ketamine is the responsible element of
this combination of ketamine/ acepromazine/xylazine, since
it alone at this dose induces anesthesia. Ketamine, the prin-
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Figure 5. Plasma [NO,/NO,] after operation. Individual values were
normalized by body weight and expressed as pg/mi/450 g. °P < 0.05,
#2p < 0.01 versus [t0] first day, and 2P < 0.001 versus [t0] of the f|r§t
day, P < 0.05 versus [t0] second day. ***P < 0.001 versus decapi-
tated animals.
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Figure 6. Plasma leptin after operation. Individual values a\l/vere nor-
malized by body weight and expressed as ng/ml/450 g. °P < 0.05
and #P < 0.01 versus [t0] of the first day, °P < 0.05 and **P < 0.01
versus [t0] of the second day.

cipal compound of the anesthetic used, is a noncompetitive
inhibitor of N-methyl-D-aspartate (NMDA) receptors (17).
NMDA receptors are widely distributed throughout the
brain and spinal cord (18). Glutamic acid, the natural ago-
nist of NMDA receptors, increases NO production (19). The
rapid reduction of plasma [NO5/NO,] after induction of
anesthesia suggests that glutamic acid-induced NO produc-
tion may be an important contributor to plasma [NO3/NO,].
Plasma [NO,/NO,] at 6 hr of the second day was‘still sig-
nificantly lower than its pre-operative concentration, sug-
gesting that the combination of surgical stress and bleeding
also reduced NO production. Plasma [NOy/NO;] fell sig-
nificantly during the removal of blood samples on the sec-
- ond morning, reaching a minimum after 4 hr. The total
volume of blood removed and replaced by saline during the

2 days of the experiment was 4.8 ml, which represented
approximately 12% of the blood volume of the rats. We
hypothesize that the blood loss caused a compensatory in-
creased sympathetic and decreased parasympathetic tone to
the vascular system to maintain blood pressure. The de-
creased cholinergic input to the vascular endothelium would
cause decreased activation of endothelial(e) NOS, resulting
in decreased release of NO into the blood stream and con-
sequent decreased plasma NO,/NO, (20, 21).

In vivo studies in humans have shown that '*C-
ketamine reaches the brain very rapidly and is distributed in
high concentration to the striatum, thalamic nuclei, and cor-
tical regions (22) and presumably also to the hypothalamus
and brain stem where it may block CNS control of TNF-a,
[NO4/NO,], and leptin release. Since glutamic acid is the
principal excitatory transmitter in the brain and it is present
in roughly one-third of the synapses within the brain, we
hypothesize that the elimination of the excitatory effects of
glutamic acid by ketamine may be the mechanism respon-
sible for ketamine-induced anesthesia. We plan to deter-
mine if the results would be similar with other anesthetics
such as Nembutal or ether.

Surgical stress dramatically increased TNF-a release
and so did the inflammatory stress induced by LPS, where
the rapid rise in TNF-a far exceeded the magnitude of the
increase in plasma ACTH that occurred from similar doses
(8), showing clearly that TNF-« is an important stress hor-
mone. Initiation of blood sampling on the morning of the
second day also initiated a rapid increase in TNF-a within
30 min, albeit of lesser magnitude than that which followed
the surgery. Therefore, it appears that TNF-a is the most
stress responsive hormone yet discovered.

The time elapsed to produce these rapid releases of
TNF-a is insufficient for the release to be accounted for by
de novo synthesis of the cytokine. Instead, it must be re-
leased from stores somewhere in the body. Indeed, it has
recently been shown that TNF-a is expressed in the anterior
pituitary gland in the folliculostellate cells and also in hor-
mone-producing cells (23). We have detected TNF-a in
extracts of the liver where it may be stored in Kupffer cells
that are modified macrophages (Mastronardi CA, Yu WH,
McCann SM, unpublished data). We hypothesize that
stresses of many types will cause a release of TNF-a by
activation of the hypothalamus. In fact, the pathway may be
very similar to that which brings about the release of CRH
and vasopressin from stress, namely, afferent input to the
brain stem followed by activation of noradrenergic neurons
in the brain stem that project to the hypothalamus and ac-
tivate TNF-a release from the anterior pituitary gland. In-
deed, the release of CRH or vasopressin into the hypophy-
seal portal vessels may stimulate TNF-« release. Alterna-
tively, release of norepinephrine or epinephrine into those
vessels may be responsible (24). Activation of the periph-
eral sympathetic nervous system by afferent input to the
brain stem may induce TNF-a release from immune cells in
liver, spleen, and lymph nodes.
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In contrast to the dramatic effect of stress on TNF-a
release, there was no clear effect of stress on the release
leptin into the circulation, either from the surgical stress of
the first day or the bleeding stress of the first or second day.
In the case of the other stress that we have studied, namely,
that of LPS, again there was a dramatic increase in TNF-q,
but in this case there was also a gradual increase in leptin
release, which continued linearly for 2 hr, whereas the
TNF-a response terminated rapidly. Thus, we conclude that
leptin can respond to stress, but the sensitivity is much less
than that of TNF-a. Conversely, NO release declined rap-
idly while the rats were anesthetized, recovered slightly, and
finally reached a minimum at the end of the experiment,
probably related to the hemorrhage-induced decline in NO
production either by inhibition of nitroxidergic terminals
ending on blood vessels (25) and/or by decreased stimula-
tion of eNOS by other hemorrhage-induced mechanisms
provoking a reduction in NO release (26). This response is
diametrically opposite to the marked release of NO brought
about by induction of inducible NOS by LPS (2, 3).
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