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Summary.-The peripheral blood lymphocyte responses to phytohaemag-
glutinin, pokeweed mitogen and tuberculin were investigated in 21 patients
undergoing major surgical operations. Responsiveness to all three stimulants
fell post-operatively, and the extent of the fall was related to the degree of opera-
tive trauma (arbitrarily assessed) but not to the length of the operation. These
findings suggested that reduced responsiveness was due to trauma, or a reac-
tion to it (possibly the increased levels of plasma cortisol found post-operatively,
or release of an inhibitory substance from damaged tissue) rather than to the
anaesthetic or to a redistribution of lymphocyte sub-populations. The hypo-
thesis that reduced lymphocyte responsiveness was due to raised plasma
cortisol levels was tested by exposing peripheral blood leucocytes to cortisol
and phytohaemagglutinin in vitro; the findings did not support this hypothesis.

IT HAS been shown that the response of human peripheral blood lymphocytes
to phytohaemagglutinin (PHA) is depressed after standard surgical procedures,
such as hernial repair and endarterectomy (Riddle and Berenbaum, 1967). This
finding has been confirmed by Bergmann, Borgstrom and Tarnvik (1969) and
Park et al. (1971). It has also been known for a considerable time that specific
immunity is impaired after stress or trauma (Wistar and Hildemann, 1960;
Levine et al., 1962; Rapaport et al., 1964; Casson et al., 1966; Alexander and
Moncrief, 1966; Solomon, 1969; Gisler et al., 1971; Munster et al., 1973) but the
relation between this and depression of the PHA response is uncertain because
the latter is immunologically nonspecific. We therefore decided to study the
effects of surgical procedures on responses to specific antigens, i.e., PPD, tetanus
toxoid and Candida extract. In the event, too few of our patients responded
pre-operatively to the latter 2 antigens to allow useful analysis, and only the
effects on the PPD response are considered here.

We also compared the effects of surgical operations on responsiveness to
PHA and pokeweed mitogen (PWM) as these 2 agents stimulate largely different
lymphocyte sub-populations, and we investigated the relation of operation time
and degree of trauma to the extent of the depression.

Finally, we investigated the role of the raised levels of blood cortisol found
after operation by incubating peripheral blood lymphocytes in various concentra-
tions of cortisol before or during exposure to PHA.

MATERIALS AND METHODS
Patients.-Twenty-one patients were studied, details of whom are given in the Table.

Patients were excluded if they were likely to remain in hospital for less than a week or if
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they had large tumours. In all patients, blood was taken pre-operatively and we planned to
take further samples on Days 1, 3, 5 and 10 post-operatively. It was not possible to adhere
to this plan in some cases and the results for Days 1 and 2, 3 and 4, 5 and 6 and 9 to 12
respectively were therefore grouped.

Lymphocyte transformnation.-Two ml of heparinized venous blood was mixed with 18 ml
R.P.M.I. 1640 tissue culture medium (Grand Island Biological Co.) supplemented with
penicillin (1 u/ml), streptomycin (1 mg/ml) and sodium bicarbonate (2 g/l). The pH was
adjusted to 7 0 with mnol Hepes buffer (Calbiochem. Ltd.). Half ml amounts of this
suspension were mixed with 0-05 ml of plant mitogen or antigen solution and incubated in
screw-capped plastic tubes (Nunclon, N8) for 3 days in the case of PHA and PWM and 5 days
in the case of PPD. PHA (Difco or Wellcome) and PWM (Grand Island Biological Co.)
were made up according to the manufacturers' instructions and used at final concentrations
of 1/200 and 1/100 respectively. PPD solution (Old PPD, Parke, Davis & Co.) was used at
a final concentration of 1/300. Cultures were made in triplicate.

Two hours before harvesting, 0 5 MCi of methyl [3H] thymidine, sp. act. 5 /Ci/mmol
(Radiochemical Centre), was added to each culture. The cells in each tube were collected on
to glass fibre discs (GFA 25 mm, Whatman) using a filter manifold (Millipore Ltd.). The
discs were washed through with 10 ml volumes of isotonic saline, 5% trichloracetic acid and
ethanol, partly dried and placed in 10 ml of scintillation fluid based on dioxane and butyl
PPD.

Radioactivity was measured in an Intertechnique ABAC-SL40 liquid scintillation spectro-
meter set to count tritium by external standard ratio. Quench correction was made by a
third-order polynomial. Activity was expressed as disintegrations per minute (DPM) per
1000 lymphocytes.

In vitro incubation with cortisol
(a) Incubation before exposure to PHA.-Cortisol (Merck, Sharpe and Dohme) in ethanol

or cortisol sodium succinate (Organon) were added to RPMI 1640 medium and the solution
mixed with heparinized venous blood to give final steroid concentrations of 0-01-]0 ,ug/ml
(2-76 x 10-8 to 2-76 x 10-5 mol/l for cortisol, 2-06 x 10-8 to 2-06 x 10-5 mol/l for cortisol
sodium succinate). The highest final concentration of ethanol in the cultures with cortisol
was 0-2%; the highest proportion of RPMI 1640 medium was 3%. The suspension was
placed on a Matburn mixer rotating at 28 rev/min and kept at 37° for 16 hours. An equal
volume of Plasmagel (Roger Bellon, Neuilly) was then added and the mixture stood at room
temperature for 20 minutes. The supernatant was centrifuged at 800 g for 5 minutes at
room temperature and the leucocyte deposit washed 3 times in RPMI 1640 medium containing
2 g/l sodium bicarbonate and 10% foetal calf serum (Biocult Laboratories) and finally made
up to 106 cells/ml in this medium. The suspension was dispensed in 0-25 ml amounts into
microculture plates (ISFB 96, Biocult Laboratories), and 0-01 ml PHA added to each well
to give a final concentration of 1/200 PHA. Cultures were made in quintuplicate.

(b) Incubation during exposure to PHA.-Heparinized blood was treated exactly as above,
but the corticosteroid was not added until the cell suspension was dispensed into the micro-
culture plates. Then, 0-01 ml of a solution of steroid in RPMI 1640 medium was added to
each well to give final concentrations of 0-01-10 ,ug/ml of steroid. PHA solution was added
15 minutes later, the plates having been at room temperature in the meantime.

Subsequent incubation, labelling, harvesting and measurement of [3H]thymidine incor-
poration were carried out as described above.

Analysis of results.-Each assay on blood taken from a patient included triplicate control
cultures made without stimulant, and the mean values obtained in these controls were
subtracted from the means of the corresponding triplicate test cultures. Cultures without
added stimulant gave 5-38 ± 5-45 DPM/1000 lymphocytes at 3 days and 4-82 ± 5-26 DPM
at 5 days (n = 130 at each interval). Accordingly, patients giving pre-operative responses
to any stimulant of less than 10 DPM/1000 lymphocytes (after subtraction of the corre-
sponding control value) were regarded as unreactive to that stimulant and changes in respon-
siveness to it were excluded from consideration. Using this criterion, all 21 patients responded
pre-operatively to PHA, 19 to PWM and 13 to PPD.

In some patients the response was so markedly depressed post-operatively that it fell
to the level found in unstimulated cultures. Because of the inherent variability in the
ineasurements, subtraction from these counts of the counts in the corresponding controls
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occasionally yielded a negative value (in about 1 in 30 post-operative cultures). Therefore,
in order to facilitate statistical analysis of the results, the value of 2-5 was added to all counts,
having the effect of removing all the negative values. Post-operative counts were expressed
as fractions of the corresponding pre-operative count and, as these fractions were approxi-
mately log-normally distributed, means and standard errors were calculated using the log-
transformed data.

Grading of operative trauma.-There is no generally agreed way of defining or measuring
operative trauma. The method adopted here, which was admittedly not satisfactory but
practicable, was to ask 4 surgeons independently to place each of the operative procedures
used into one of 3 grades (1-3), taking into account the amount of manipulation and tissue
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FIG. 1.-Mean post-operative changes in PHA, PWM and PPD responses. Points show
geometric mean DPM/103 lymphocytes for patients in operative grades 1, 2 and 3, expressed
as fractions of the corresponding pre-operative means, x . one s.e. (calculated on the log
transformed data).

damage to be expected. In 10 of the 21 procedures, all 4 surgeons agreed on the grading.
In the rest, disagreements were confined to one step in grading; in these cases a mean grading
was calculated (Table). For the purposes of calculation, mean grades of 1-5 or less were
rounded to 1, 1-75-2-25 to 2, and 2-5 or more to 3.

RESULTS
The effect of operations of different grades of severity is shown in Fig. 1, in

which post-operative geometric means are expressed as fractions (F) of the corre-
sponding pre-operative level. Responsiveness to PHA fell within 24 hours of
operation. It then tended to recover but had not reached control levels by 9-12
days. Because of the small number of patients and the marked variation between
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thenm, responsiveness was significantly different from normal at the P < 0-05
level (t-test) only in grade 2 patients on Days 1-2 and grade 3 patients on Days
5-6. The more severe procedures tended to be associated with a greater and
more prolonged fall in responsiveness.

Responsiveness to PWM also fell, but only in patients with grade 2 or 3 opera-
tions, and the fall was statistically significant only in the grade 2 patients on
Days 1-2. The depressions in the PHA and PWM responses were positively
correlated (ln FPwM 0-56 In FPHA -0-114, d.f. 57, P < 0-001).

-16+Ohrs

N.

o I ,jO-i 72hrs
c 0'I
0

o Cortisol
0

IL

io \ r-.\ -16nOhrs
'0.

04
K 0-72hrs
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FIG. 2.-Effect on PHA response of exposure of peripheral blood lymphocytes to cortisol or cor-
tisol sodium succinate before (- 16 to 0 hours) or during (0 to 72 hours) incubation with PHA.
Each point represents the geometric mean x . one s.e. of 5 determinations, expressed as a
fraction of the corresponding control. The normal morning range of plasma cortisol (N)
and the upper level reached after major operations (P) are indicated. Unstimulated control
(O), stimulated control (*). On the cortisol dose-response curves, the effect of 0-2%
ethanol without cortisol is indicated by the points immediately following the point for
the stimulated control and preceding the breaks in the curves.

The response to PPD fell progressively after operation, reaching its lowest
points on Days 3-6. The fall was more pronounced in patients with grade 3
operations than in those with grade 2 and was significant at the P < 0-05 level
in both groups on Days 5-6. As only 2 patients with grade 1 operations were
initially PPD-positive, responses in this group were too few for analysis. The
depressions in the PPD and PHA responses were positively correlated (ln FPPD =
0-5 In FPHA - 0-859, d.f. = 35, P > 0-02 < 0.05).

Examination of the effects of operative trauma and operative duration was
made by multiple regression analysis (Armitage, 1971), using the Day 1-2 PHA
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and PWM and Day 5-6 PPD results. The multiple regression equation obtained
was: ln F = - 0974 G + 0-087 T - 0-632 where F was the post-operative
response as a fraction of the pre-operative response, G the grade of operative
trauma (1-3) and T the operation time in hours. It appears from the coefficients
of G and T that, of these 2 factors, only operative grade was important. The
coefficient for T was negligible, showing that variation in duration of operation
had no effect independent of operative trauma.

Park et al. (1971) found that patients with cancer or with heart disease requiring
heart valve replacement had lower pre-operative responses to PHA and showed
a greater post-operative fall than other patients. Five of our patients came into
these categories (1, 5, 11, 14, 18), but their responses did not differ significantly
from those of other patients (Table).

Post-operative lymphocyte depression occurred whether or not a blood trans-
fusion had been given (Table).

Most patients were anaesthetized with nitrous oxide and halothane, and usually
with thiopentone also. Three patients (1, 20, 21) did not receive halothane.
Patient 1 received an epidural anaesthetic and showed little or no depression of
responsiveness (the operation was associated with grade 1 trauma only). The
other 2 patients received nitrous oxide supplemented with Trilene or a quick-
acting barbiturate respectively. Both showed markedly depressed responses.

Lymphocyte counts showed only minor changes post-operatively. The pre-
operative mean was 1900 ± 731/mm3, the lowest post-operative level, 1542 + 838,
was reached on Day 3 and the highest, 2174 ± 777, on Day 5. These changes
were statistically insignificant (P > 0-1, t-test).

Figure 2 shows the result of a typical experiment in which peripheral blood
lymphocytes were incubated with various concentrations of steroid either before
or during exposure to PHA. When the steroid was present throughout the
period of PHA exposure, the response was significantly depressed even by cortisol
concentrations in the normal range, i.e. 0-1 ,ug/ml or 2-76 x 10-7 mol/l. How-
ever, when lymphocytes were exposed to cortisol for 16 hours and washed before
exposure to PHA, responsiveness was not materially affected, even by cortisol
concentrations well above the levels found post-operatively.

DISCUSSION

We have shown that surgical procedures in man are followed by a fall in the
responsiveness of peripheral blood lymphocytes, not only to immunologically
nonspecific plant mitogens but also to a specific antigen. Surgically depressed
lymphocyte responsiveness may therefore be directly relevant to the problem of
post-operative infection. Recently Cochran et al. (1972) and Mackie et al. (1972)
showed that responsiveness to tumour antigens, as shown by production of
migration inhibitory factor, also falls after operation in patients with melanoma
or carcinoma of the breast so this phenomenon may also be relevant to post-
operative tumour spread.

If the depressed response of peripheral blood lymphocytes had been due to a
redistribution of lymphocyte sub-populations, as occurs for instance in cortisol-
treated mice (Cohen, 1972), one would have expected a negative correlation
between changes in the response to PHA and that to PWM, for these stimulate,
broadly speaking, T cells and B cells respectively. However, the falls in respon-
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siveness to these stimulants were positively correlated, showing that both sub-
populations were affected.

The extent of lymphocyte depression was related to the amount of operative
trauma, as arbitrarily assessed, suggesting that it was due directly to a product
of trauma or to a reaction to it. The changes caused by trauma are complex.
In spite of their obvious economic importance and scientific interest, they have
been inadequately studied and are therefore ill understood (Royal College of
Pathologists, 1972). In the present state of ignorance, one cannot with much
confidence suggest which elements might be responsible for immunological depres-
sion, but the post-operative rise in blood corticosteroid levels clearly requires
consideration. In man, morning levels of plasma corticosteroids, mainly cortisol,
average at about 0415 pg/ml, or 4 X 10-7 mol/l, with an upper limit of about
0-22 1ag/ml (6-1 x 10-7 mol/l). Major surgical procedures cause a rise to 0 4 - 0-6
,ug/ml (11-17 x 10- mol/l) within 2 hours; this persists for 8 hours or so and the
levels generally return to normal by 24 hours post-operatively. Minor operations
have relatively little effect, plasma corticosteroid levels often not exceeding the
upper limit of normal (Sandberg et al., 1954; Jasani et al., 1968; Oyama et al.,
1968; Plumpton, Besser and Cole, 1969; Carter and James, 1970).

When these levels are compared with those that inhibit DNA synthesis in
human lymphocytes in vitro, some puzzling features emerge. Cortisol concentra-
tions in the range reached in vivo after major operations, i.e. 0-4-0-6 ,ug/ml, have
been found to reduce DNA synthesis in PHA-stimulated lymphocytes to 25-30%
of normal (McIntyre et al., 1969; May, Lyman and Alberto, 1970), and in our
experiments, interpolation of the curves in Fig. 2 suggests that PHA responsive-
ness is lowered to the extent found in our patients after grade 3 operations, i.e.
about 10% of normal (Fig. 1) by the sort of steroid levels one would expect after
such operations (up to 17 x 10-7 mol/l). This would provide a ready explanation
for post-operative depression of the lymphocyte response to PHA but for 2 facts.
First, in these in vitro experiments, even cortisol concentrations within or below
the normal range, i.e., less than 6 x 10-7 mol/i, were found to depress DNA
synthesis significantly. Second, these experiments involved exposing lympho-
cytes to raised steroid concentrations for the duration of the culture, which was
3-5 days and not for 24 hours or less, as is the case in patients after operation.
In an attempt to imitate the clinical situation more closely, we incubated peri-
pheral blood lymphocytes with cortisol for 16 hours and washed them before
adding PHA. In these circumstances PHA responsiveness was not affected by
cortisol at the maximum concentrations likely to be reached after surgical pro-
cedures in vivo (Fig. 2). However, the interpretation of these experiments is
difficult. In the first place, exposure of peripheral blood lymphocytes to steroids
in vitro may not be a sufficiently good model of the in vivo situation, where the
whole lymphoid system is so exposed. In the second place, at normal levels of blood
cortisol, 92-98% is protein-bound and only the small amount of free cortisol is
pharmacologically active. The level of free cortisol in plasma rises post-operatively
more than measurements of total cortisol suggest (Hamanaka et al., 1970), but our
failure to depress PHA responsiveness by prior incubation with cortisol cannot
have been due to inadequate levels of free cortisol, for the maximum concentration
used (10 jtg/ml) exceeds the cortisol binding capacity of blood some 50-fold.
On the other hand, in the experiments reported here and in those of McIntyre
et al. (1969) and May et al. (1970), in which the PHA response was inhibited when
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lymphocytes were incubated in even low concentrations of steroid throughout
the period of exposure to PHA, the media used contained only 10-20% serum.
The steroid-binding capacity of these media may have been considerably exceeded
by the added steroid, and the concentration of free steroid may therefore have
risen disproportionately.

Since corticosteroid levels are usually raised for less than 24 hours post-
operatively, whereas lymphocyte responsiveness is depressed for 1-2 weeks, the
hypothesis that these two effects are causally related presupposes that a short
exposure to a high concentration of corticosteroid causes an impairment of
lymphocyte responses that persists when the excess steroid is removed. This
supposition is, to some extent, supported by the fact that corticosteroids suppress
antibody production most effectively if given some days before the antigen,
suggesting that they exert a lasting effect on antigenically unstimulated lympho-
cytes (Elliott and Sinclair, 1968; Petratnyi, Benezu'r and Alfoldy, 1971), but caution
is necessary in relating this to steroid effects on transformation of peripheral blood
lymphocytes, for different lymphocyte sub-populations may be involved in each
case. Our experiments in which lymphocytes were incubated with cortisol for
16 hours and then washed suggest that lasting damage is not produced in this
way by the concentrations of cortisol reached after operation. Evidence for
persisting lymphocyte damage in patients after operation was found by Riddle
(1967), Bergmann et al. (1969) and Park et al. (1971), who showed that lymphocytes
taken a week or more post-operatively had reduced responses when cultured in
normal serum. On the other hand, serum taken one day or more after operation
did not inhibit the responses of normal lymphocytes (Riddle, 1967; Bergmann
et al. (1969). However, one would expect normal steroid levels to have been
regained by that time. Similar experiments by Park et al. (1971) were compli-
cated by the fact that their patients with cancer or heart disease had depressed
responses even before operation but, when such patients were excluded, sera taken
2 hours after operation (when one would expect high cortisol levels) were inhibitory
and this inhibitory activity had disappeared by 24 hours. These findings,
therefore, suggest the transitory presence in the serum of patients after operation
of a substance that can cause lasting impairment of lymphocyte responsiveness,
but they do not identify the substance as a corticosteroid. It is relevant that
serum from patients with extensive burns inhibits the lymphocyte response to
monilial antigen, yet the cortisol content of the majority of such inhibitory sera

is normal (Munster et al., 1973). This suggests that serum from patients after
thermal trauma contains a lymphocyte-inhibitory substance that is not cortisol,
and the same may well be true of patients after surgical trauma.

It remains to be considered whether lymphocyte depression after operation
could be due to general anaesthesia. In the early literature, several claims were

made that general anaesthetics suppressed immune responses but little subsequent
work with modern immunological techniques has been carried out. More recently,
Wingard, Lang and Humphrey (1967) and Humphrey, Wingard and Lang (1969)
claimed that the number of plaque-forming cells in the spleens of rats immunized
with sheep red cells fell significantly after anaesthesia with halothane, nitrous
oxide or pentobarbitone. However, in these experiments, anaesthesia was main-
tained for 24 hours and must have been accompanied by prolonged and marked
hypothermia (Bruce, 1967). It is hardly surprising that the functioning of
plaque-forming cells was impaired under these circumstances, and the relation of
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such experiments to clinical anaesthesia is remote. In laboratory animals,
halothane anaesthesia lasting several hours accelerates death after S. typhimurium
infection (Bruce, 1967), but this is probably due to a marked inhibition of granulo-
cyte mobilization and phagocytosis (Bruce, 1966, 1967) rather than to interference
with specific immunity. Halothane anaesthesia maintained for 24 hours or more
also causes a peripheral lymphopenia and granulocytopenia; the latter appears to
be due to a delay in maturation of granulocyte precursors (Bruce and Koepke,
1966). In a direct test of the effect of halothane on lymphocyte responsiveness,
Powell and Radford (1971) found that a 2-hour exposure of lymphocytes to 2%
halothane in air did not affect their ability to transform on subsequent exposure
to PHA.

The difficulties of analysing the effects of anaesthetics on specific and non-
specific immunity are compounded by the fact that blood corticosteroid levels
are raised by the administration of some general anaesthetics, particularly ether,
and lowered by others such as halothane, thiopentone and nitrous oxide (Sandberg
et al., 1954; Oyama et al., 1968; Gisler and Schenkel-Hulliger, 1971; Oyama,
1973). Evidently, this field requires further investigation. Our own studies
throw only a little light on this problem. It would be expected that, if lympho-
cyte depression in our patients had been due to anaesthetic agents that were
given more or less throughout the operation, its extent should have been related
to the length of operation. As it was not, our findings do not support this hypo-
thesis.

The cause or causes of post-operative lymphocyte depression must still be
regarded as uncertain although raised corticosteroid secretion in response to trauma
may be a factor. Other possibilities, particularly the release of lymphocyte-
inhibitory substances from damaged or dead tissue, merit investigation.

We are grateful to the Cancer Research Campaign, the Medical Research
Council, the Nuffield Foundation and the St Mary's Hospital Joint Standing
Research Committee for their support, to the many surgeons who gave us access
to their patients, to W. A. Cope and Bernice McKelvie for skilled technical help
and to Professor V. H. T. James for helpful discussion.
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