Pharmacology Biochemistry and Behavior, Vol. 46, pp. 605-608, 1993
Printed in the U.S.A. All rights reserved.

0091-3057/93 $6.00 + .00
Copyright © 1993 Pergamon Press Ltd.

Effects of Midazolam on the
Activity of Phagocytosis in Mice
Submitted to Surgical Stress

MANUEL FREIRE-GARABAL,*' MARIA J. NUNEZ,* JOSE L. BALBOA,*
JOSE GONZALEZ-BAHILLO* AND ANGEL BELMONTE{}

*Neuroimmunology-University of Santiago (NIMUS),
Hospital de Conxo, Ramdn Baltar s/n, 15706-Santiago de Compostela, Spain
tUnit of Experimental Immunopharmacology,
Department of Pharmacology, School of Medicine, University of Santiago de Compostela,
15705-Santiago de Compostela, Spain

Received 18 May 1992

FREIRE-GARABAL, M., M. J. NUNEZ, J. L. BALBOA, J. GONZALEZ-BAHILLO AND A. BELMONTE. Ef-
fects of midazolam on the activity of phagocytosis in mice submitted to surgical stress. PHARMACOL BIOCHEM
BEHAYV 46(3) 605-608, 1993. —Mice submitted to surgical stress and treated with chronic midazolam (1 mg/kg) showed a
reduction in stress-induced suppression of the in vitro and in vivo activity of phagocytosis, both measured using the zymosan-

particle uptake method and the carbon clearance test, respectively.
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ADVERSE effects of stress on various kinds of cell-mediated
immune events, such as the activity of phagocytosis, have been
previously reported. Macrophages from stressed mice showed
a depressed functional activity under in vivo and in vitro condi-
tions (21,23), which was postulated to have resulted, among
other factors, from elevated plasma corticosterone levels.

Midazolam is a central and peripheral benzodiazepine ago-
nist with well-known anxiolytic properties. In previous studies
(14), we observed an attenuatory effect of midazolam against
adverse effects of stress on several immune events. Mice sub-
mitted to surgical stress and treated with chronic midazolam
(1 mg/kg) showed a reduction in stress-induced suppression
of thymus and spleen cellularity, and in peripheral lymphocyte
population. The blastogenic response of spleen lymphoid cells
was also assessed, and midazolam was found to partially re-
duce the suppressive effect of surgery. Nevertheless, there are
few data on the effects of midazolam on the activity of phago-
cytosis during or after stress. To further elucidate this latter
interaction, in the present paper we study the effect of midazo-
lam on the in vivo and in vitro phagocytosis in mice submitted
to surgical stress.

METHOD
Mice

Female mice (8 weeks old at the beginning of the experi-
ment) of the BALB/c strain (Interfauna Ibérica S.A., Barce-
lona, Spain) were used. They were housed, 7 days before ex-
periments, four per cage in an aseptic chamber kept between
21 and 22°C and maintained on an alternating 12L : 12D cy-
cle. Sterilized food (Panlab Diet A.03) and water were given
ad lib.

Procedure

Mice were randomly divided into five groups: group A,
operated and injected with placebo; group B, operated and
injected with midazolam; group C, sham-operated and in-
jected with placebo; group D, sham-operated and injected
with midazolam; group E, unstimulated controls. At 24, 48,
and 72 h after surgery, two lots of six mice per group were
used to determine the in vivo and in vitro activity of phagocy-
tosis, respectively.

! Requests for reprints should be addressed to Manuel Freire-Garabal at his present address: Neuroimmunology-University of Santiago
(NIMUS), Hospital Médico-Quirtrgico de Conxo, Ramén Baltar s/n, 15706-Santiago de Compostela, Spain.
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Induction of Surgical Stress

The mice were subjected to a 1-cm incision in the dorsal
surface under ether anesthesia in aseptic conditions. The inha-
lational anesthetic was delivered with a total carrier gas flow
of 5 1/min into a 40-1 chamber, which allowed gas to exit at
one end. Anesthetic depth was maintained at a level at which
the mice exhibited only sleeping behavior. An occasional stag-
gering journey by a mouse followed by somnolence was con-
sidered acceptable (15). At the end of surgery, a 5 1/min oxy-
gen flow was maintained through the chamber until arousal
was noted. Surgery was always performed at 5:00 p.m. Un-
stimulated controls were exposed only to the normal activity
of the animal room.

In Vitro Phagocytosis of Macrophages

Macrophages were collected by washing the peritoneal cav-
ity with ice-cold PBS (0.1 M, pH 7.3). The peritoneal cells
were washed twice with RPMI culture medium (GIBCO Labo-
ratories, Gran Island, NY) by centrifugation (1000 rpm, 5
min, 0°C) and finally resuspended in an adequate volume of
RPMI medium supplemented with 10% heat-inactivated fetal
calf serum (FCS, GIBCO) to give a concentration of 1 X 106
nucleated cells per ml. Aliquots (1 ml) of this suspension were
seeded in 35-mm petri dishes and incubated at 37°C in a hu-
midified 5% CO, and 95% air incubator. Three hours later,
nonadherent cells were washed off, and 1 ml fresh medium
containing 10% (FCS) was added. Zymosan was added to give
5 x 106 particles/ml and incubation was continued. Thirty
minutes later, particle uptake was measured by light micro-
scopy. Cells containing three or more zymosan particles were
counted as phagocytic (21).

In Vivo Phagocytosis of Macrophages

Phagocytic activity was estimated by using the carbon
clearance test. Carbon suspension (Pelikan c11/1432a) was
centrifuged at 5000 rpm for 15 min, and the supernatant was
diluted threefold with sterile 1.5% gelatin saline to bring the
carbon concentration to about 30 mg/ml. Diluted carbon sus-
pension was injected at 0.1 ml/10 g body weight into the tail
vein of mice. After 0.5 and 10 min of injection, a blood sam-
ple (0.05 ml) was collected by puncturing the retro-orbital
venous plexus. Blood was hemolyzed by the addition of 1 ml
0.1% Na,CO;, solution, followed by measurement of its opti-
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cal density at 600 nm. Phagocytic index, K, was derived from
the following equation (21):

where C, 5 and C,, express the carbon concentration at time
t,s and ¢,,, respectively.

Drug Treatments

The drug tested was midazolam (Roche S.A., Madrid,
Spain), which was intramuscularly (IM) injected in a dose of
1 mg/kg (13). Control stressed mice were IM injected with
vehicle as placebo. Volume of all injections was 1 mi/kg.
Drugs were injected 1 h before and 12, 24, and 48 h after
surgery.

Statistical Analysis

Statistical analysis was performed using the Student’s z-test
analysis. Differences were considered to be significant when
the probability (p) value was < 0.05.

RESULTS

Table 1 shows the results of in vitro phagocytic activity of
peritoneal macrophages cultured with zymosan particles for
30 min. The number of macrophages containing zymosan par-
ticles was reduced to 35% of the control in mice injected with
vehicle and sacrificed 24 h after surgery. By contrast, this
decrease was lower (60% of the control) in mice injected with
midazolam (differences significant at p < 0.01). Values in
sham-operated mice injected with saline were also reduced in
comparison with those of the controls, although differences
were smaller than those of operated mice. Sham-operated
mice injected with midazolam also had greater numbers in
comparison to those injected with placebo.

As shown in Fig. 1, carbon clearance test also showed a
stress-induced reduction of in vivo phagocytic activity. Simi-
larly, the decrease in the carbon clearance rate was lower in
mice injected with midazolam (37% of the control) compared
with mice injected with vehicle (12% of the control). Differ-
ences between controls and sham-operated mice injected with

TABLE 1

EFFECTS OF SURGICAL STRESS AND MIDAZOLAM ON IN
VITRO PHAGOCYTOSIS BY PERITONEAL MACROPHAGES

Percent Particle (zymosan) Uptake of 100 Cells

Unoperated controls 56.4 + 8.17

Laparotomy Sham Surgery
Hours After Surgery Placebo Midazolam Placebo Midazolam
24 19.7 £ 3.5 289 + 4.5 30.3 = 6.0 41.5 + 3.1
48 20.3 = 4.1 342 + 6.8 39.5 + 2.7 479 + 7.0
72 29.8 + 1.3 39.8 + 5.0 42.1 = 6.1 532 + 7.2

BALB/c mice were subjected to an incision in the dorsal surface. Macrophages were collected by
washing the peritoneal cavity of these mice and cultured in RPMI-1640 medium containing 10% FCS

with5 x 1

zymosan particles for 30 min. Particle uptake was measured as described in the Method

section. The results represent the mean + SD of six animals. Differences between placebo and
midazolam were significant at p < 0.05. Differences between surgery and sham-surgery mice were

significant at p < 0.05.
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FIG. 1. Effect of midazolam on the carbon clearance activity in mice submitted to
surgical stress. Carbon suspension (30 mg/ml) was injected at 0.1 ml/10 g body
weight into the tail vein of mice. After 0.5 and 10 min of injection, a blood sample
(0.05 ml) was collected by puncturing the retro-orbital venous plexus. Phagocytic
index (K) was calculated as described in the Method section. The results represent
the mean + SD of six animals. Differences between placebo and midazolam in
operated mice were significant at p < 0.01. Differences between unstimulated con-
trols and sham-operated mice injected with placebo were significant at p < 0.05 at
24h.

saline were only significant (p < 0.05) at time 24 h. No differ-
ences were appreciated between unstimulated controls and
sham-operated mice injected with midazolam.

DISCUSSION

Our results show that both anesthesia and laparotomy
caused a decrease in the phagocytic activity in mice. Both the
in vivo and in vitro studies showed a sharp fall in the uptake
of zymosan particles and in the carbon clearance rate, respec-
tively, in mice. Nevertheless, this suppressive effect was more
intense in mice subjected to laparotomy. These data are in
good agreement with previous reports in the field of psycho-
immunology showing a suppressive effect of different sched-
ules of stress (16,21,23) on the phagocytosis in mice. On the
other hand, the inhibitory effects of anesthesia and surgery
on in vivo and in vitro phagocytic activity were partially recov-
ered by the administration of midazolam.

As for the mechanism of action of stress on the phagocyto-
sis, it is not yet clear. Okimura et al. (21) found that restraint
stress caused suppression of in vivo phagocytic activity that
was recovered by the infusion of serum from normal mice. In
vitro phagocytic activity of peritoneal macrophages was also
significantly suppressed in stressed mice. These results indi-
cated that depression of phagocytic activity was due to both
the impairment of the functions of macrophages and the
changes in serum components of stressed mice.

A molecular basis for bidirectional communication be-
tween the immune and neuroendocrine systems has been de-
scribed (1,4-12,25,28). At least one of the neuroendocrine
responses to stress, such as the increase in plasma corticoste-
rone levels, via ACTH secretion, has been usually involved in
stress regulation of the phagocytic activity of macrophages
(23,27). In our previous investigations, we also observed that
surgical stress induced an increase in ACTH levels propor-

tional to the decrease in the activity of macrophages. Further-
more, ACTH from the pituitary gland, and even IR-ACTH
from lymphocyte origin, has a direct inhibitory effect on func-
tional capacities of macrophages. About 47% of unstimulated
peritoneal macrophages express ACTH receptors (26).

Midazolam is a benzodiazepine agonist with well-known
anxiolytic properties. Benzodiazepines have been found to re-
duce the stimulatory effect of stress on ACTH and corticoste-
rone levels that were attributed to the activation of GABA-
linked benzodiazepine receptors in the CNS (2,18).

A second aspect is the existence of a peripheral benzodiaze-
pine receptor (PBR) with high affinity on immune cells. Ben-
zodiazepines have been found to exert immunomodulating ac-
tivities by binding on a specific receptor on macrophages
(29,30). For example, benzodiazepines have been found to
affect the production of microbicidal and tumoricidal reactive
oxygen species by macrophages.

Midazolam has central and peripheral BZD receptor ago-
nist properties. So, its effects on the activity of phagocytosis
may be ecither direct (on the macrophage) or indirect (e.g.,
on ACTH). In our study, we observed a protective effect of
midazolam on the in vivo and in vitro activity of phagocytosis,
which is overly strong in favor of an indirect effect affecting
the neuroendocrine response to stress.

In a previous report, we observed a correlation between
the immunoenhancing effects of midazolam and the reduction
of plasmatic ACTH concentrations (14). Nevertheless, adre-
nalectomized mice showed a lower pattern of immunosuppres-
sion in response to stress. So, this leads us to believe that
other neuropeptides and neurotransmitters may be involved
in the immunosuppressive response to stress and in the action
of benzodiazepines (3,12,16,17,19,24).

Nevertheless, the large number of interactions at mole-
cular, cellular, and functional levels between the nervous sys-
tem and the immune system characterizing the operational
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compositions and expressions of the neuroimmune network
make complex the isolation of the pathways in which benzodi-
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response to stress. Moreover, biological significance and
health relatedness of these immunological effects should be

azepines may be involved in the regulation of the immune assessed.
REFERENCES
1. Ader, R.; Felten, D.; Cohen, N. Interactions between the brain 17. LeBoeuf, R. D.; Burns, J. N.; Bost, K. L.; Blalock, J. E. Isola-

i1.

12.

13.

14.

15.

16.

and the immune system. Annu. Rev. Pharmacol. Toxicol. 30:
561-602; 1990.

. Bassett, J. R.; Cairncross, K. D. Effects of psychoactive drugs

on responses of the rat to adversive stimulation. Arch. Int. Phar-
macodyn. Ther. 212:221-229; 1974.

. Ben-Eliyahu, S.; Yirmiya, R.; Shavit, Y.; Liebeskind, J. C.

Stress-induced suppression of natural killer cell cytotoxicity in the
rat: A naltrexone-insensitive paradigm. Behav. Neurosci. 104(1):
235-238; 1990.

. Blalock, J. E. Proopiomelanocortin-derived peptides in the im-

mune system. Clin. Endocrinol. 22(6):823-827; 1985.

. Blalock, J. E. A molecular basis for bidirectional communication

between the immune and neuroendocrine systems. Physiol. Rev.
69(1):1-32; 1989,

. Blalock, J. E. Molecular mechanisms of bidirectional communi-

cation between the immune and neuroendocrine systems. Int. J.
Neurosci. 51(3-4):363-364; 1990.

. Blalock, J. E.; Bost, K. L.; Smith, E. M. Neuroendocrine peptide

hormones and their receptors in the immune system. Production,
processing and action. J. Neuroimmunol. 10(1):31-40; 1985.

. Blalock, J. E.; Costa, O. Immune neuroendocrine interactions:

Implications for reproductive physiology. Ann. NY Acad. Sci.
564:261-266; 1989,

. Blalock, J. E.; Harbour-McMenamin, D.; Smith, E. M. Peptide

hormones shared by the neuroendocrine and immunologic sys-
tems. J. Immunol. 135(Suppl. 2):858-861; 1985.

. Blalock, J. E.; Smith, E. M. A complete regulatory loop between

the immune and neuroendocrine systems. Fed. Proc. 44(1):108-
111; 1985.

Blalock, J. E.; Smith, E. M.; Meyer, W. J. The pituitary-
adrenocortical axis and the immune system. Clin. Endocrinol.
Metab. 14:1021-1038; 1985.

Carr, D. J.; Blalock, J. E. From the neuroendocrinoltogy of lym-
phocytes towards a molecular basis of the network theory. Horm.
Res. 31(1-2):76-80; 1989.

Emmanouil, D. E.; Quock, R. M. Effects of benzodiazepine ago-
nist inverse agonist and antagonist drugs in the mouse staircase
test. Psychopharmacology (Berlin) 102(1):95-97; 1990.
Freire-Garabal, M.; Belmonte, A.; Balboa, J. L.; Nufiez, M. J.
Effects of midazolam on T-cell immunosuppressive response to
surgical stress in mice. Pharmacol. Biochem. Behav. 43(1):85-89;
1992.

Hansbrough, J. M.; Zapata-Sirvent, R. L.; Bartle, E. J.; Ander-
son, J. K.; Elliott, L.; Mansour, M. A.; Carter, W. H. Alter-
ations in splenic lymphocyte subpopulations and increased mor-
tality from sepsis following anesthesia in mice. Anesthesiology
63:267-273; 1985.

Khansari, D. N.; Murgo, A. J.; Faith, R. E. Effects of stress on
the immune system. Immunol. Toddy 11(5):170-175; 1990.

18.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

tion, purification and partial characterization of suppressin, a
novel inhibitor to cell proliferation. J. Biol. Chem. 265(1):158-
165; 1990.

Le Fur, G.; Guilloux, F.; Mitrani, N.; Mizoule, J.; Uzan, A.
Relationships between plasma corticosteroids and benzodiaze-
pines in stress. J. Pharmacol. Exp. Ther. 211(2):305-308; 1979.

. Lewis, J. W.; Shavit, Y.; Terman, G. W.; Nelson, L. R.; Martin,

F. C.; Gale, R. P.; Liebeskind, J. C. Involvement of opioid pep-
tides in the analgesic, immunosuppressive, and tumor-enhancing
effects of stress. Psychopharmacol. Bull. 21(3):479-484; 1985.
Monjan, A. A.; Collector, M. 1. Stress-induced modulation of
the immune response. Science 15(196):307-308; 1977,

Okimura, T.; Ogawa, M.; Yamauchi, T. Stress and immune re-
sponses III. Effect of restraint stress on delayed type hypersensi-
tivity (DTH) response, natural killer (NK) activity and phagocyto-
sis in mice. Jpn. J. Pharmacol. 41(2):229-235; 1986.

Ozherelkov, S. V.; Khozinskii, V. V.; Semenov, B. F. Course of
an experimental infection caused by the Langat virus in mice
against a background of restricted movement-related stress.
Vopr. Virusol. 31(5):634-636; 1986.

Schultz, R. M.; Chirigos, M. A.; Stoychkov, J. N.; Pavlidis, N.
A. Factors affecting macrophage cytotoxic activity with particu-
lar emphasis on corticosteroids and acute stress. J. Reticuloen-
doth. Soc. 26(1):83-92; 1979.

Shavit, Y.; Terman, G. W.; Martin, F. C.; Lewis, J. W.; Liebes-
kind, J. C.; Gale, R. P. Stress, opioid peptides, the immune
system and cancer. J. Immunol. 135(Suppl. 2):834-837; 1985.
Smith, E. M.; Harbour-McMenamin, D.; Blalock, J. E. Lympho-
cyte production of endorphins and endorphin-mediated immuno-
regulatory activity. J. Inmunol. 135(Suppl. 2):779-782; 1985.
Smith, E. M.; Harbour, V.; Hughes, T. K.; Kent, T.; Ebaugh,
M. J.; Jazayeri, A.; Meyer, W. J. Neurohormones, serotonin and
their receptors in the immune system. In: Plotnikoff, N.; Murgo,
A.; Faith, R.; Wybran, J., eds. Stress and immunity. Boca Raton,
FL: CRC Press; 1991:453-479.

Solomon, G. F.; Merigan, T. C.; Levine, S. Variation in adrenal
cortical hormones within physiological ranges, stress and inter-
feron production in mice. Proc. Soc. Exp. Biol. Med. 126:74-79;
1967.

Stein, M.; Trestman, R. L. Psychiatric perspectives of brain, be-
havior and the immune system. Res. Publ. Assoc. Nerv. Ment.
Dis. 68:161-169; 1990.

Zavala, F.; Lenfant, M. Benzodiazepines and PK 11195 exert
immunomodulating activities by binding on a specific receptor on
macrophages. Int. J. Inmunopharmacol. 9:269-274; 1987.
Zavala, F.; Lenfant, M. Ca*-channel blockers modulate the oxi-
dative burst induced with arachidonic acid in macrophage-like P
388D1 cells. Interaction with peripheral benzodiazepines. Int. J.
Immunopharmacol. 10:531-536; 1988.



