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SUMMARY

The objective of the present study was to examine and to compare the impact of severe protein
malnutrition during development, adulthood and ageing on secretory immune expression in the eye,

mouth and small intestine. In addition, we sought to determine whether potential abrogation of
mucosal immunity by protein deprivation might be reversed by the administration ofa balanced diet.
Weanling, adult and aged rats were provided isocaloric diets containing 24% (control), 19%, 14%,
10%, 6% and/or 3-2% protein levels for defined periods and various immunological parameters were
evaluated before, during and after the dietary regimen. Our results demonstrated the following.
(1) Severe protein malnutrition (3-2%) dramatically suppressed the secretory immune system in eyes
of weanling rats. After 8 weeks of protein insufficiency, tear IgA concentrations in young rats had
undergone a precipitous decrease, such that IgA could not be detected in tears. This response was
paralleled by a significant decline in the tear volume, tear secretory component (SC), IgG and total
protein content, number of IgA-containing cells in lacrimal tissue, as well as the amounts ofSC and/
or IgA in saliva, intestinal secretions and serum. In contrast, the immunological effects of protein
malnutrition in adult or aged animals varied considerably depending upon the specific mucosal site.
(2) The influence of protein deprivation was dose dependent and reversible: maintenance of weanling
rats on 10%, 6% or 3-2% protein diets interfered with the establishment of ocular and intestinal
mucosal immunity, but later administration of optimal diets to these malnourished animals
permitted a rapid immune recovery. (3) The impact of protein malnutrition on tear IgA levels in
weanling animals, as shown by pair-feeding experiments, appeared to reflect primarily protein
deficiency and not caloric restriction. Overall, these findings show that dietary protein plays a
significant, site-specific role in the developmental expression of the secretory immune system.

INTRODUCTION

Over the past 4 decades, considerable research effort has been
focused upon the inter-relationship between nutrition and
systemic immunity. These studies have demonstrated that the
functional integrity of the immune system is extremely depen-
dent upon optimal nutrition.'"2 Thus, severe malnutrition (e.g.
protein-calorie) may significantly diminish both cell-mediated
and humoral immunity and dramatically decrease resistance of
the host to bacterial, viral, fungal and parasitic infections."2 In
turn, infectious disease may exacerbate the impact ofconcurrent
malnutrition.' Consequently, given estimates that over 500
million people suffer from diverse nutritional deficiencies,3 it is

Correspondence: Dr D. A. Sullivan, Immunology Unit, Schepens
Eye Research Institute, 20 Staniford Street, Boston, 02114, U.S.A.

not surprising that protein-calorie malnutrition is the most
common form of acquired immunodeficiency world-wide.2

The influence of malnutrition on systemic immunity appears
to be substantially increased in immunologically compromised
individuals, such as very young children and the elderly.2'4
Ageing, for example, is accompanied by a degeneration of
lymphoid tissue, a marked decline in systemic immunity and a
progressive increase in the incidence of infectious and autoim-
mune disease.5 In fact, a striking parallel has been observed
between immune dysfunction secondary to ageing and that
resulting from nutritional deficiencies.5 This synergism, when
expressed in immunologically impaired elderly populations, in
whom various forms of malnutrition are increasingly prevalent,
may enhance vulnerability to infection and predispose to a fatal
outcome.'

However, despite the importance of nutrition in systemic
immune function, relatively few reports have addressed the
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impact of dietary disorders on secretory immunity, which
protects mucosal surfaces against invasive and toxic organisms.6
This latter nutritional research has concentrated almost entirely
on protein deprivation in young children or animals: these
populations may have incomplete development of their secre-

tory immune system7 and are highly susceptible to infectious
disease.8'9 In contrast, the question of whether malnutrition and
ageing synergize to erode defensive barriers of the secretory
immune system remains to be clarified. Moreover, whether
nutritional disorders uniformly, or selectively, affect immunity
in different mucosal sites has yet to be fully explored.

Therefore, the objective of the current study was to examine
and to compare the influence of severe protein malnutrition
during development, adulthood and ageing on secretory
immune expression in the eye, mouth and small intestine. In
addition, we sought to determine whether potential suppression
of mucosal immunity by malnutrition might be reversed by the
administration of a balanced diet.

MATERIALS AND METHODS

Animals and dietary provisions
Male Sprague-Dawley rats were obtained from Zivic-Miller
Laboratories, Inc. (Allison Park, PA) and housed in constant
temperature rooms with light/dark intervals of 12 hr duration.
For experimentation, three age groups were utilized: weanling
(21 days old), adult (3-5 months old) and aged (16-5 months
old). Weanling animals were removed from foster mothers at
21 days of age, immediately before the provision of designated
diets. Purified test diets were obtained from Purina Mills, Inc.
(Richmond, IN) and contained vitamin-free casein, sucrose,

solka floc, vitamin and mineral mixtures, DL-methionine,
choline chloride, lard, corn oil and dextrin. All diets were

isocaloric (4-16 kcal/g digestible energy), consisted of 3% fibre,
and were specially prepared to provide varying amounts of
protein, including 24% (control), 19%, 14%, 10%, 6% and 3-2%
(contained no DL-methionine) protein. To maintain identical
caloric levels in these different diets, the contents of fat and
carbohydrate were appropriately adjusted. In addition, to
permit analysis ofdietary intake, the weights ofingested food by
the various groups were recorded throughout the experiments.
For storage purposes, test diets were kept in closed receptacles at
4O.

In most experiments, animals' food, consumption was

unrestricted. However, to conduct pair-feeding studies, wean-

ling rats (21 days old) were isolated from foster mothers, placed
in separate cages, given group designations (i.e. '3 2%', '24%
pair-fed', '24% ad lib') and all administered 50 g of 3-2%
protein-containing diets (day 0). Thereafter, the amount of
food/day ingested by a given '3-2%' rat determined the weight of
'24%' diet provided to a specific pair-fed rat on the next day. For
comparative purposes, additional animals were included in
these 'paired' experiments and exposed to 24% protein diets ad
libitum.

General procedures
Tears were obtained from the eyes of etherized rats, then
measured and processed according to a reported protocol.'0

Anaesthetized rats were then injected subcutaneously with
pilocarpine nitrate [0 5 mg/100 g body weight (BW)] to enhance
the flow, and facilitate the collection, of saliva." Blood was

collected by cardiac aspiration and allowed to clot at room

temperature. After rat death, small intestinal secretions were

obtained by surgically removing and then flushing the intestinal
(proximal 254 mm) lumen with 3 ml of 0 15 M saline." Tears,
saliva, intestinal fluids and blood were centrifuged at 10,000 g
for 4 min and supernatants were stored at - 200.

To process lacrimal glands for the immunofluorescent
analysis of IgA plasma cells, tissues were cleared of adherent
debris, weighed and placed in glass vials containing St Marie's
fixative (19 parts 100% ethanol: 1 part glacial acetic acid) at 4°.
After overnight fixation, tissues were dehydrated in ethanol and
xylene, embedded in paraffin and cut into 5 gum sections.
Sections were transferred to gelatin-coated slides, then deparaf-
finized prior to staining.

Protein concentrations in mucosal secretions and serum

were measured by the Hartree method,'2 using bovine serum

albumin (BSA) (Calbiochem-Behring Corp., La Jolla, CA) as

the standard. Unless otherwise indicated, statistical analysis of
the data were performed with the two-tailed, Student's t-test.

Immunofluorescence techniques
To determine the number of IgA-containing cells in lacrimal
gland sections, tissues were processed for indirect immuno-
fluorescence microscopy, stained with appropriate immunologi-
cal reagents and overlaid with glycerol-paraphenylenediamine
mounting media as previously reported in detail.'3 For quant-
itative measurement of IgA-containing cell density, two to 10
sections/tissue and approximately 15 microscopic fields
(312' 5x magnification)/section were examined with a Zeiss
Photoscope II fluorescence microscope, equipped with epillumi-
nation and fitted with a xenon lamp, a 460-490 nm excitation
filter and a 528 nm barrier filter. To calculate the total number of
IgA-containing cells in lacrimal glands, the mean cell density/
microscopic field was multiplied by gland weight (mg) and by a

correction factor (326-7), which compensated for such variables
as cell size, microscopic field volume and tissue density.'4 To
confirm immunofluorescence findings, selected tissues were

reanalysed and yielded essentially identical results.

Immunoassays for IgA, free secretory component (SC) and
IgG
The IgA and free SC'5 levels in tear, salivary, intestinal and/or
serum samples were measured with specific, double antibody
radioimmunoassays (RIA), according to detailed procedures
described previously.'0"' The assay for SC detected primarily
free SC;" consequently, SC findings are reported in terms of free
SC content. It should be noted that all SC assays of intestinal
secretions were performed within 2-6 weeks of fluid collection,
in order to minimize any potential effect of proteolysis. To
quantitate the amount of IgG in experimental samples, a

previously described ELISA was utilized.'6 Standard curves

were included with each assay and evaluated by log logit
transformation. Assay sensitivities, defined as the lowest
amount of antigen measurable and equivalent to the quantity
two standard deviations above the zero dose response, were

3-3 ng IgA,'0 0 44 ng free SC"I and less than 0-1 ng IgG.'6
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Figure 1. Effect of severe protein deprivation on

in weanling (21 day) rats. Animals (n =10/treatment

isocaloric diets containing control [240% (0)] [3-2% (0)]

contents for 8 weeks. Tears were collected 2-week

processed for the measurement of IgA and IgG.

mean + SE. * Significantly greater than week 0 < 0005)

matched '3-2%' group (P<0001) values; t significantly less

than week 0 amount; T significantly (P < 0-005) lower 0

For comparison, a similar 8-week period of

adult (3 months) and aged (16 5 months) (n=9-11/treatment

group) had no effect on the tear IgA or IgG

'24%' protein diet controls (data not shown).

RESULTS

Influence of severe protein malnutrition on

the eye, mouth, intestine and serum of weanling,

rats

To determine the effect of severe protein

development and ageing on the ocular, salivary

secretory immune systems, as well as serum

concentrations, weanling (21 days old), adult

and aged(16-5 months old) male rats (n=9-11/treatment

group) were fed isocaloric diets containing (3-2%)

control (24%) protein levels. This nutritional

continued for 8 weeks and tears were collected

of the diet (day 0) and at successive 2-week

saliva, intestinal secretions and lacrimal glands

experimental termination.

Ocular immune system

Provision of a control protein diet to weanling

pronounced, 13-fold increase in the tear levels

experimental time-course (Fig. 1). This significant <00001)

rise occurred irrespective of whether

expressed in terms of concentration or total

exposure of weanling animals to a protein-deficient

progressive decrease in tear IgA content, such

weeks, only 10% of rats had measurable

tions. In fact, following 8 weeks of protein

could be detected in tears (Fig. 1). This suppressive

protein malnutrition on tear IgA was associated with a parallel,
but less extensive, decline in the volume of tears (Table 1), and
protein level in tears (Table 2).

The impact of protein deprivation on tear IgA in weanling
rats coincided with a precipitous drop in the tear free SC
concentration (Table 2), as well as the total number of IgA-
containing cells in lacrimal tissue (Table 1). After 8 weeks of
protein insufficiency, the total free SC amounts, free SC
concentrations and free SC/protein ratios in tears were 94-fold
(P < 00005), 35-fold (P < 00001) and sevenfold (P < 0005) less
than those in tears of control animals. Moreover, by the end of
this experimental period, 75% of protein-malnourished rats had
undetectable tear SC levels. With regard to lacrimal IgA-
containing cells, the number of these cells in protein-deprived
animals was 33-fold lower than enumerated in control lacrimal
glands and appeared to be due to significant (P<0 001)
reductions in IgA plasma cell density and lacrimal tissue weight
(Table 1). Of interest, the size of lacrimal glands in protein-
malnourished rats, as a function of body weight, was slightly,
but significantly (P < 0-0 1), less than that of controls (Table 1).

Maintenance of weanling rats on low dietary protein also
significantly (P < 0-005) attenuated the total amount of tear
IgG, relative to pretreatment or control levels (Fig. 1). However,
this response seemed to reflect alterations in tear volume and
protein content, because no consistently significant differences
were evident in the IgG concentration or IgG/protein ratio of
tears during the malnutrition interval.

Although an 8-week administration of the3-2% protein diet
dramatically curtailed the development of mucosal immune
expression in eyes of weanling rats, a similar, low-protein
exposure exerted minimal impact on ocular immune parameters
in adult and aged rats. Thus, following 8 weeks of protein
malnutrition, no significant changes occurred in the volume of,
or total IgA, free SC, IgG or protein in, tears of these older
animals (Fig. 1, Tables 1, 2, additional data not shown). The tear
IgA concentration did decrease in protein-starved adult rats
(Table 2), but this effect appeared related to tear volume
fluctuations and no variation was noted in the tear IgA/protein
ratio, compared to control. Protein insufficiency was also
associated with a significant (P<0-01) reduction in the total
number, but not the density (i.e. cells/microscopic field), of IgA-
containing cells in the adult lacrimal gland; this difference may
be attributed to the diminished weight of lacrimal tissue in
protein-deprived, adult rats (Table 1). A striking finding in these
studies, which has previously been observed,'7"'8 was the relative
level of IgA, IgG and total protein in tears of aged rats. Tear
protein concentrations in these elderly animals were consider-
ably reduced, compared to those of adult rats, and consequently
resulted in the highest IgA/protein (e.g. up to 8%) and IgG/
protein ratios recorded in all age groups.

Salivary, intestinal and serum immune expression
Protein malnutrition in weanling rats led to a profound decrease
in the IgA, free SC and total protein concentrations in small
intestinal fluids, a twofold decline in salivary IgA and free SC
levels and a 57% drop in serum IgA and protein amounts (Table
2). In contrast, protein starvation in weanling animals had no

significant effect on salivary or serum IgG concentrations. Of
particular interest, the magnitude of the malnutrition-induced
suppression of mucosal immune parameters was greatest in the
eye and lowest in the mouth (Fig. 1, Table 2).
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Table 1. Influence of severe protein malnutrition on the body weight, tear volume, lacrimal gland weight and total
number of IgA-containing cells in lacrimal tissues of weanling, adult and aged rats

Lacrimal gland Total IgA-containing cells
Body weight (g) Tear volume (p1) weight (mg) (x 105)/lacrimal gland

Age group 24% 3-2% 24% 3-2% 24% 32% 24% 3-2%

Weanling 540+25 63 +±2a 5 0+008 0.8+002a 142+2-7 15+0.5a 1-67+0 23 0.05+0.01 a

Adult 794+35 565+15a 5 1+09 73+0-9 132+2-3 95+2.4a 3i10+0-41 171+027b
Aged 911+33 718+33b 5-1+1-5 53+07 118+55 87+30a 259+051 1[83+036

Weanling (W; 21 days), adult (A; 3 months) and aged (Ag; 16 5 months) rats (n = 9-11/treatment group) were

administered isocaloric control (C; 24%) or low (M; 3-2%) protein diets for 8 weeks. At experimental termination,
lacrimal tissues (1 gland/rat) were processed for the immunofluorescent analysis of IgA-containing cells.
Approximately 15 microscopic fields/tissue section and between 259 and 540 microscopic fields/treatment group were
evaluated. Values represent the mean + SE of measured parameters after the 8-week interval. For comparison, at the
start of the experiment, body weights (g) equalled: WC = 60 + 2; WM= 58 + 1; AC = 618 + 27; AM = 609 + 17;
AgC = 849 + 34; AgM = 866 + 25, and tear volumes (p1) equalled: WC = 21 + 0-2; WM = 1[9+0-3; AC = 5 9+ 1 0;
AM=500+9; AgC=5a7 13; AgM=45+ [3. a Significantly (P<0001) less than age-matched control value;
b significantly (P<0 01) less than age-matched control value.

Table 2. Effect of protein deprivation on IgA, IgG, free SC and protein concentrations in tears, saliva, intestinal secretions and serum of weanling,
adult and aged rats

Protein (mg/ml) IgA (pg/ml) IgG (pg/ml)a SC (pg/ml)

Group 24% 3-2% 24% 3-2% 24% 3-2% 24% 32%

Tears
Weanling 34-9+3-0 6-8+2 3b 403+69 O+Ob 2-52±+035 1-06+0-62 86-8+ 16-7 25+l17b
Adult 23-1 + 1 9 21-1 +1 9 299+74 139+21e 3 81 +0 64 2 61 +0 30 35-9+2-7 32-8+4-3
Aged 11-8+32 9-2+3-1 375+25 395+59 576+1-75 4-72+[180 228+42 232+29

Saliva
Weanling 7-36+0-28 647+040 365+55 146+344 029+008 051+0 15 469+089 238+023e
Adult 7-90+0-80 6-67+0 74 50 2+ 16-9 33-1 +3-3 1 21 +0 23 2 10+0 52 5 10+ 1 09 6-13+0-77
Aged 765+0-71 519+0.41c 545+5-0 43-2+49 1-56+069 246+043 6-84+0-96 394+086e

Intestine
Weanling 1-57 +025 0-31 +004b 354+ 57 43 + 5b 1-81 +031 0 29+ 07b
Adult 242+0-31 O-94+005b 523+60 360+44e 2-71+0 19 235+0-42
Aged 205+0-21 085+0-07d 694+93 393+97e 3*06+0-35 106+0-27C

Serum
Weanling 80-6+1-4 51-2+2-4b 148+13 94+lO 7-02+1-66 442+062
Adult 80 2+1-3 69-0+ 1*Ob 325+61 230+30e 8-94+0-66 11 19+0*789
Aged 70 7+0 7 68-0+ 1-6 376+69 1022+2469 8-44+0 77 10-38+1 02

Tears, saliva, intestinal secretions and serum were collected after weanling (21 days), adult (3 months) and aged (16 5 months) rats (n =9-11/
treatment group) were exposed to control (24%) or low (32%) protein diets for 8 weeks. Numbers equal the mean + SE. Serum IgG levels are mg/ml;
b-f significantly (P <00001 b; <00 lc; <0-0005d; <0o-se; <o.oosf) less than value ofage-matched control; g significantly (P <0-05) greater than value
of age-matched control.

Maintenance of adult or aged rats on low-protein diets chronic protein malnutrition (Table 2). In serum from adult rats
resulted in a continued deficit in intestinal protein, IgA and free fed minimal protein, the concentrations of protein and IgA were
SC (in aged) concentrations (Table 2). However, with the lessened, whereas the levels of IgG were increased, relative to
exception of diminished protein and free SC levels in aged rat controls. In aged animals, though, restricted protein intake
saliva, salivary concentrations of IgA, IgG, free SC and protein augmented IgA concentrations, but did not alter serum protein
in older animals appeared to be refractory to the influence of or IgG amounts (Table 2).
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Figure 2. Influence of varying degrees of protein malnutrition, followed
by the administration of a control protein diet, on tear IgA content in
weanling rats. Young animals (21 days old; n = 6-14/treatment group)
were given isocaloric diets containing 24% [control (0)], 19% (0), 14%
(A), 10% (A), 6% (-) or 3 2% (0) protein composition for 4 weeks, then
groups were administered (time designated by arrow in graph) 24%
protein diets for an additional 4 weeks. Numbers equal the mean + SE.
Tear IgA levels increased significantly (P <0005) during the first 4
weeks in rats on 24%, 19%, 14% and 10% protein diets, and during the
second 4-week period (P < 0 001 ) in animals initially exposed to 6% and
3-2% protein diets.

Time-course (weeks)

Figure 3. Impact of dietary protein variations on tear IgG levels in
weanling rats. Young animals (21 days old; n = 13-14/treatment group)
were provided isocaloric diets containing 24%, 19%, 14%, 10%, 6% or

3-2% protein content for 4 weeks. Tears were obtained at 2-week
intervals. Numbers represent the mean + SE. Significantly (*P < 005;
tP<001; IP<0005; §P<0001) less than age-matched '24%' group
value.

These findings demonstrate that the immunological impact
of protein malnutrition may vary significantly depending upon

the specific mucosal site and chronological age of the animal.

Impact of varying degrees of protein malnutrition, followed by
the provision of a balanced diet, on immune parameters in the
eye, intestine and serum

To assess whether the effects of protein malnutrition on

immunity are dose dependent, and possibly reversible by dietary
improvement, the following studies were performed. Weanling
(21-day-old) rats (n = 6-14/treatment group) were administered
isocaloric diets containing 24%, 19%, 14%, 10%, 6% or 3-2%
protein for 4 weeks, and then provided with control (24%)
protein diets for an additional 4 weeks. Tears were collected
immediately before the initiation of various diets and thereafter
at biweekly intervals. Small intestinal fluids, serum and lacrimal
glands were obtained at either 4 or 8 weeks.

Our results demonstrated that the magnitude of immunolo-
gical suppression during protein malnutrition clearly depended
upon the extent of protein deprivation, as well as the mucosal
location. Within 2 weeks of dietary implementation, the total
levels (Fig. 2) and concentrations of tear IgA were significantly
reduced in groups exposed to 10%, 6% and 3-2% protein diets,
as compared to control. By 4 weeks, these same groups had
markedly diminished levels oftear IgA (Fig. 2), IgG (Fig. 3), free
SC and total protein (Fig. 4). The malnutrition effect on tear
IgG appeared to be due to tear volume fluctuations, because
consistently significant reductions in tear IgG concentration
were not found in different experiments. In lacrimal tissue,
administration of 6% and 3-2% protein diets to rats caused a

significant (P < 0 05) decline in the total number (Table 3), but
not the density, of IgA-containing cells. This lymphocytic

Table 3. Impact of initial protein deficiency (4 weeks), followed by the
secondary administration of a control protein diet (4 weeks), on the
number of IgA-containing cells in, and the weight of, lacrimal glands of

weanling rats

Dietary
protein Lacrimal gland weight Total IgA-containing cells

(Off) (mg) (x 105)/lacrimal gland

1 0/ 2° Post-l Post-2' Post-l Post-2'
diet diet diet diet diet diet

24 24 105 +5-4 156+6Oa 1 12+0-25 1-86+0-17
19 24 112+2 9 159+5.3a 2 02+0-29 2-11+0-18
14 24 111+2-2 148+6-4a 1-55+0-13 2-31±0-33
10 24 63+3.Ob 124+4-6ac 1 12+0-10 1-33+O-17d
6 24 40+ 1.9b 131 +±28ac 046+005.d 109+0.15e
3-2 24 15+ .Ob 125 +4.4a~c 0-28±0O06e 107+03Id

Weanling rats (21 days old; n = 6-8/treatment group) were adminis-
tered varied protein diets (1 diet) for 4 weeks, then exposed to a control
protein diet (2° diet) for an additional 4 weeks. Lacrimal glands were
collected after the first or second dietary regimen. To determine the
number of IgA-containing cells, 49 + 2 (1 diet) or 427 + 1-7 (2° diet)
microscopic fields/tissue (2-10 sections/tissue) were examined by im-
munofluorescence. Measurements equal the mean + SE. a Significantly
(P < 0 0001) greater than weight after 1° diet; b significantly (P < 0 0001)
less than 24% 1F diet value; c significantly (P<0 001) less than 24% 2°
diet value; d significantly (P<0 05) less than 24% diet value; e signifi-
cantly (P< 001) less than 24% diet value.
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Figure 4. Influence of different dietary protein regimens on the free SC and total protein concentrations in tears and intestinal secretions
of weanling rats. Twenty-one-day-old animals (n = 6-14/treatment group) received isocaloric diets containing 24%, 19%, 14%, 10%,
6% or 3 2% protein 'Initial diet' for 4 weeks, and then were administered control (24%) protein diets 'Secondary diet' for the following
4 weeks. Values equal the mean + SE. Significantly (*P < 0 001; tP < 0-05) less than age-matched '24%' group concentration.

alteration was superimposed upon a protein dose-related decre-
ment in lacrimal gland weight (Table 3).

As concerns intestinal secretions and serum, the 4-week
exposure to varying protein diets did not curtail IgA concentra-
tions. In contrast, serum protein levels were significantly
(P<0-005) lowered in the 10%, 6% and 3-2% groups, and
intestinal free SC and protein concentrations (Fig. 4) were
significantly decreased in rats receiving the 6% and 3-2% protein
diets.

The impact of protein insufficiency on mucosal immune
parameters was almost completely reversed by dietary improve-
ment. Thus, provision of24% protein diets to malnourished rats
for 2 or 4 weeks resulted in the total recovery oftear IgA (Fig. 2),
free SC and protein levels (Fig. 4), as well as intestinal free SC
and protein concentrations (Fig. 4), and serum protein content
(except in the original 3-2% group), when compared to control
amounts. In addition, the total number of IgA-containing cells
in lacrimal glands of rats initially exposed to 6% and 3-2%
protein diets underwent a significant (P < 0-05) increase after the
administration of control diets (Table 3). The extent of this
lymphocytic rise, though, did not achieve the IgA-containing
cell levels expressed in control glands (Table 3).

Kinetics of the tear IgA response in protein-malnourished rats
following dietary correction

Our previous results demonstrated that the malnutrition-
induced suppression of tear IgA levels may be reversed by a
2-week dietary improvement. To determine the kinetics of this
response, weanling rats (n = 8-10/treatment group) were main-
tained on either 24% (C) or 3-2% (M) protein diets for 8 weeks,

then provided (day 0) 24% dietary protein for an additional
15 days. Tears were collected prior to the dietary alteration on
day 0, as well as on days 1, 4, 7, 10 and 15, and then processed for
IgA and total protein measurements.

As illustrated in Fig. 5, administration of enriched-protein
diets to protein-malnourished rats stimulated a rapid and
progressive rise in tear IgA content. Within 4 days of dietary
correction, tear IgA levels had increased significantly (P < 0-05)
in protein-deprived rats (day 0 = 0 ± 0 pg IgA/ml; day
4= 1 5 + 34-1 pg IgA/ml). During the ensuing 3 days, tear IgA
amounts doubled and by day 10 tear IgA content equalled
control. This IgA response was paralleled by a dramatic rise in
both the volume and protein levels of tears (Fig. 5). Of interest,
despite the recovery in various tear parameters, the body
(C = 531 + 13 *8; M = 203 + 5-7; P < 0-0001) and lacrimal gland
(C= 151 +3-1; M=86-5+2-1; P<0-0001) weights of 'protein-
deficient' rats had not reached control weights after 15 days of
the 24% protein dietary regimen. In contrast, by day 15, the
lacrimal gland/body weight ratio of originally malnourished
rats significantly (P<0-0001) exceeded that of controls
(C = 0-028 + 0-001; M = 0-043 + 0-001).

The rapidity of the tear IgA recovery in protein-malnour-
ished rats was also observed in another study, wherein weanling
rats (n=8-10/treatment group) were placed on 24% or 3-2%
protein diets for 4 weeks, then uniformly given 24% protein.
Tear IgA levels, which were undetectable after 4 weeks of
protein deprivation, increased significantly after 3 (68-6+24-9
ng tear IgA; P < 0-05) and 6 (400 + 78-9 ng tear IgA; P < 0-001)
days of optimal nutrition. The tear IgA response at 3 days
coincided with a rise in total tear protein, but preceded a later
increase in tear volume.
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Figure 5. Effect of the administration of a control (24%) protein diet to
protein-malnourished rats on the volume of, and total protein and IgA
content in, tears. Weanling rats (21 days old; n = 8-10/treatment group)
were given isocaloric low [3-2% (0)] or control [24% (@)] protein diets
for 8 weeks, then provided (day 0) 24% protein diets for 15 days.
Numbers represent the mean + SE. Significantly (*P< 0-05;
**P<0 005) less than age-matched control value; significantly
(tP < 0 05; ttP < 0 005) greater than 'protein-deficient' day 0 value.

Effect of pair-feeding low and control protein diets on tear IgA
levels in weanling rats

During the course of these nutrition studies, it was recognized
that weanling animals placed on a 3-2% protein diet ate

significantly less food than those provided a 24% protein diet.
For example, during the first 2 weeks of dietary exposure,
protein-deprived rats ingested approximately 50% of the food
intake (by weight) of control rats. Consequently, although all

diets were isocaloric, the malnourished animals received both
decreased protein and diminished calories. Therefore, to assess

whether the malnutrition-related decline in tear IgA levels was
due to protein restriction, or a combined protein-calorie
deficiency, a pair-feeding experiment was conducted. As out-
lined in the Materials and Methods, weanling rats were pair-fed
diets containing either 3-2% (n = 5) or 24% (n = 5) protein and,

3-2 24-pair 24-ad lib

0.

0

3-2 24-pair 24-ad lib

Dietary protein (%)

Figure 6. Impact ofprotein-deficient or pair-fed control diets on the IgA
and total protein levels in weanling rats. Twenty-one-day-old animals
(n = 5-6/group) were maintained in separate cages and given isocaloric:
(a) low protein (3-2%) diets ad libitum; (b) control (24%) protein diets
under pair-fed conditions (24-pair), i.e. the weight of provided food to

each animal was identical to that ingested by a paired 'low-protein' rat;

and (c) control protein diets ad libitum (24-ad lib). Tears were collected
prior to the initiation (day 0), and at the end (day 13), of the dietary
interval. Numbers equal the mean + SE. * Significantly (P< 0-005) less
than day 0 amount; significantly (tP< 0-05; tP < 0-05, one-tail) greater

than '3-2' day 13 level; ** significantly (P< 005) higher than day 0 IgA
content; tt significantly (P< 0-005) greater than day 0, and day 13 '3 2'
values.

for comparison, another group of animals (n = 6) was allotted a

24% protein diet ad libitum. Tears were obtained immediately
before the initiation of the study (day 0) and after 13 days, then
assayed for IgA and total protein.

These results showed that tear IgA levels increased signifi-
cantly in rats administered either 24% pair-fed or 24% ad
libitum protein diets (Fig. 6). In contrast, this developmental rise
in tear IgA did not occur in animals placed on a 3-2% protein
diet. Moreover, the total amount and concentration of tear
protein significantly decreased in '3-2%' animals during the
time-course of the experiment, relative to levels expressed on

day 0 or in age-matched rats fed 24% protein (Fig. 6). Given
these findings, as well as the absence of significant changes in
tear volume during this study, it would appear that the early tear
IgA deficit following malnutrition is due primarily to dietary
protein deficiency and not to caloric restriction.

DISCUSSION

The present study demonstrates that severe protein malnutri-
tion during development, but not necessarily adulthood or

senescence, exerts a tremendous impact on the expression of the

D. A. Sullivan, J.-P. Vaerman & C. Soo

1000

a 800-

C

I
Pt ~~~~~~600-

-0

t t 9~~~~~~~~~~~~~~~~~.-

0s w I i
0 2 4 6 8 10 12 14 16

6

tt tt
5-

4-

tt

2-

1-

0



Influence of severe protein malnutrition on secretory immune responses

secretory immune system. Protein insufficiency appeared to
suppress completely the maturation of ocular mucosal immu-
nity in weanling rats. Similarly, protein deprivation dramati-
cally interfered with the establishment of intestinal immunity
and significantly diminished salivary immune expression. These
findings indicate that dietary nutrients play an essential and
determinant role in the ontogeny of the secretory immune
system.

In support of this hypothesis, previous research has shown
that the structure and function of the secretory immune system
in very young children or animals may be significantly impaired
by prolonged intervals of malnutrition. In general, nutritive
deficiency in several species may lead to a selective and
significant decrease in total IgA and SC concentrations in
external secretions,2'9'20 a diminished number of IgA-bearing
cells, IgA plasma cells, specific IgA antibody-containing cells,
intraepithelial lymphocytes and helper, suppressor and total
T cells in mucosal tissues,2'-24 a reduction in IgA+ cell migration
to secretory sites,25 a blunted sIgA antibody response to viral
and bacterial antigens,22223'25 atrophy of mucosal-associated
lymphoid tissue25 and alterations in epithelial surface morpho-
logy and permeability."24 The extent of these malnutrition-
associated effects may vary significantly among different muco-
sal locations (this study).

Several explanations may account for the profound immune
susceptibility to malnutrition during development. First,
marked protein deprivation during the post-weaning period is
well known to retard growth severely. Consequently, given that
the activation of rat mucosal immunity begins at approximately
21 days of age,7'228 the concurrent provision of a protein-
deficient diet might be anticipated to inhibit this maturational
process. Second, reduced protein intake diminishes antigenic
exposure, which is of critical importance in the recruitment,
proliferation and function of B- and T-lymphocyte populations
in mucosal tissues of young animals.7'29 Third, malnutrition
delays puberty,30 curtails hypothalamic and pituitary activity3'
and decreases circulating levels of androgens and thyroid
hormones.30 32 These malnutrition-induced disruptions in the
endocrine environment might well account for the pronounced
suppression of secretory immunity in the eyes of weanling rats,
because lacrimal gland development33 and ocular secretory
immune expression'6'34 are extremely dependent upon hormones
from the thyroid gland and/or the hypothalamic-pituitary-
gonadal axis. As an additional consideration, given the nature
of endocrine-immune interactions in the salivary gland,35
intestinal tract and liver,28'36'37 it is quite possible that malnutri-
tion-related changes in glucocorticoid, insulin or thyroid hor-
mone levels could influence the establishment of salivary or

intestinal immunity, or the considerable biliary flow of IgA and
SC into upper intestinal secretions,38 in weanling animals.
Fourth, chronic malnutrition may depress sympathetic nervous

activity32 and alter neuropeptide gene expression.39 Such re-

sponses could theoretically affect mucosal immune develop-
ment, given the significant, site-specific and bidirectional
inter-relationship between the nervous and secretory immune
systems.40

In contrast to the impact on weanling animals, protein
malnutrition had minimal or no effect on various mucosal
immune indices in adult or aged rats. This relative absence of
nutritional influence was unexpected, particularly since ageing
itself is associated with an attenuation in nasal IgA concentra-

tions, hepatic IgA clearance and SC expression, salivary IgA
responses to antigenic challenge, lymphocyte interactions in
mucosal tissues and IgA-containing cell density in mesenteric
lymph nodes (literature in refs 17,41). However, it is also true
that the influence of ageing on mucosal immunity is site
dependent4' and may not compromise total or polymeric IgA
concentrations in tears, saliva or intestinal secretions (refs
17,42-45; this study). Thus, it appears that mature immune
systems may be relatively resistant to the stress of nutritional
deprivation.2 Consistent with this observation, researchers have
reported a lack of effect of prolonged malnutrition on biliary
IgA levels in adult female rats,46 milk sIgA concentrations in
nursing mothers47'48 and salivary IgA content in variably aged
groups of children.49 Our studies did demonstrate that severe

protein insufficiency reduces intestinal SC and/or IgA amounts
in the small intestine of adult and aged rats. This finding, which
may be species related,50 correlates with the negative effect of
decreased antigenic exposure on IgA plasma cell numbers in the
adult intestine.5' Yet, secretory immune expression in the eye
and mouth of older animals appeared somewhat refractory to
nutritional deficiency. Whether malnutrition during adulthood
or senescence, as during childhood,2'25 might significantly
ameliorate mucosal immune responsiveness to toxic agents or

microbial invasion remains to be determined.
During the course of our experiments, we found that

extreme protein malnutrition causes fluctuations in the serum

concentrations of IgA and IgG. The explanation for these
changes, which varied according to age, are unclear. In fact,
malnutrition does not seem to predictably influence circulating
IgA or IgG levels, given that previous studies have noted
increases, decreases or no change in these immunoglobulin
concentrations.2'52'53 It may be that the nature of the serum IgA
or IgG responses may depend upon the length, type and severity
of the nutritional imbalance, as well as the chronological age,
existing immune status and species.

The immunosuppression induced by protein malnutrition in
weanling rats was almost completely reversed by the administra-
tion of a balanced diet. The kinetics of this immune restoration,
the capacity for which has been observed in various mucosal
sites,2"9-22 was exceedingly rapid in the eye. Within 3-4 days
after nutritional correction, tear IgA levels had risen tremen-
dously in previously malnourished animals. The speed of this
immune recovery most likely reflects a dietary influence on the
lacrimal gland microenvironment and IgA transport capability,
given that IgA-containing cell populations were only partially
restored following I month of renutrition.

In summary, protein deprivation significantly impairs the
maturation of the secretory immune system during develop-
ment, especially in the eye. It is possible that this later mucosal
immune susceptibility to malnutrition may play a role in the
high incidence of ocular infectious disease (e.g. Chlamydia
trachomatis);S4 in undernourished children.

ACKNOWLEDGMENTS
We would like to express our appreciation to Drs C. Wira (Hanover,
NH) and B. Underdown (Hamilton, Ontario, Canada) for their
generous donation of immunological reagents and to Dr R. S. Kelleher
(Boston, MA) for her technical assistance. This research was supported
by NIH grant EY02882 (DAS) and by the Belgian State-Prime
Minister's Office-Science Policy Programming: Interuniversity Attrac-
tion Poles (PA17bis) and Concerted Actions (88-93/122) (JPV).

315



316 D. A. Sullivan, J.-P. Vaerman & C. Soo

REFERENCES

1. SCRIMSHAW N.S., TAYLOR C.E. & GORDON J.E. (1968) Interactions
of nutrition and infection. W.H.O. Monograph Series, 57, 3.

2. WATSON R.R. & MCMURRAY D.N. (1979) The effects of malnutri-
tion on secretory and cellular immune processes. CRC Crit. Rev.
Food Sci. Nutr. 12, 113.

3. CHANDRA R.K. (1983) Nutritional regulation of immunity and
infection in the gastrointestinal tract. J. Pediatr. Gastroenterol.
Nutr. 2 (suppl. 1), S181.

4. CHANDRA R.K. (1989) Nutritional regulation of immunity and risk
of infection in old age, Immunology, 67, 141.

5. MAKINODAN T., JAMES S.J., INAMIZU T. & CHANG M.-P. (1984)
Immunologic basis for susceptibility to infection in the aged.
Gerontology, 30, 279.

6. CHILDERS N.K., BRUCE M.G. & McGHEE J.R. (1989) Molecular
mechanisms of immunoglobulin A defense. Annu. Rev. Microbiol.
43, 503.

7. BRANDTZAEG P., NILSSEN D.E., ROGNUM T.O. & THRANE P.S.
(1991) Ontogeny ofthe mucosal immune system and IgA deficiency.
Gastroenterol. Clin. North Am. 20, 397.

8. RIEPENHOFF-TALTY M., DHARAKUL T., KOWALSKI E., STERMAN D.
& OGRA P.L. (1987) Rotavirus infection in mice: pathogenesis and
immunity. Adv. exp. Biol. Med. 216, 1015.

9. GARDNER I.D. (1980) The effect of aging on susceptibility to
infection. Rev. infect. Dis. 2, 801.

10. SULLIVAN D.A. & ALLANSMITH M.R. (1984) Source of IgA in tears
of rats. Immunology, 53, 791.

11. SULLIVAN D.A. & WIRA C.R. (1983) Variations in free secretory
component levels in mucosal secretions of the rat. J. Immunol.
130, 1330.

12. HARTREE E.F. (1972) Determination of protein: a modification of
the Lowry method that gives a linear photometric response. Anal.
Biochem. 48,422.

13. SULLIVAN D.A., COLBY E.B., HANN L.E., ALLANSMITH M.R. &
WIRA, C.R. (1986) Production and utilization of a mouse mono-
clonal antibody to rat IgA: identification of gender-related differ-
ences in the secretory immune system. Immunol. Invest. 15, 311.

14. ALLANSMITH M.R., GUDMUNDSSON O.G., HANN L.E., KEYS C.,
BLOCH, K.J. & SULLIVAN, D.A. (1987) The immune response of the
lacrimal gland to antigenic exposure. Curr. Eye Res. 6, 921.

15. ALTAMIRANO G.A., BARRANco-ACOSTA C., VAN ROOST E. &
VAERMAN J.P. (1980) Isolation and characterization of secretory
IgA (sIgA) and free secretory component (FSC) from rat bile. Mol.
Immunol. 17, 1525.

16. SULLIVAN D.A. & HANN L.E. (1989) Hormonal influence on the
secretory immune system of the eye: endocrine impact on the
lacrimal gland accumulation and secretion of IgA and IgG. J.
Steroid Biochem. 34, 253.

17. SULLIVAN D.A. & ALLANSMITH M.R. (1988) The effect of aging on
the secretory immune system of the eye. Immunology, 63, 403.

18. SULLIVAN D.A., HANN L.E., YEE L. & ALLANSMITH M.R. (1990)
Age- and gender-related influence on the lacrimal gland and tears.
Acta Ophthalmol. 68, 188.

19. WATSON R.R., MCMURRAY D.N., MARTIN P. & REYES, M.A. (1985)
Effect of age, malnutrition and renutrition on free secretory
component and IgA in secretions. Am. J. clin. Nutr. 42, 281.

20. McGEE D.W. & MCMURRAY D.N. (1988) The effect of protein
malnutrition on the IgA immune response in mice. Immunology,
63, 25.

21. Roux M.E. & DEL CARMEN LOPEX M. (1987) Impairment of IgA
expression and cell mediated immunity observed on Peyer's patches
of protein-depleted rats at weaning and then fed 20% casein. Adv.
exp. Med. Biol. 216, 847.

22. KOSTER F. & PIERCE N.F. (1985) Effect of protein deprivation on
immunoregulatory cells in the rat mucosal immune response. Clin.
exp. Immunol. 60,217.

23. BARRY W.S. & PIERCE N.F. (1979) Protein deprivation causes

reversible impairment of mucosal immune response to cholera
toxoid/toxin in rat gut. Nature, 281, 64.

24. WADE S., LEMONNIER D., ALEXIU A. & BocQUET L. (1982) Effect of
early postnatal under- and overnutrition on the development ofIgA
plasma cells in mouse gut. J. Nutr. 112, 1047.

25. CHANDRA R.K. (1983) Mucosal immune responses in malnutrition.
Ann. N. Y. Acad. Sci. 409, 345.

26. SULLIVAN D.A., YEE L., CONNER A.S., HANN L.E., OLIVIER M. &
ALLANSMITH M.R. (1990) Influence of ocular surface antigen on the
postnatal accumulation of immunoglobulin-containing cells in the
rat lacrimal gland. Immunology, 71, 573.

27. VAERMAN J.-P., BUTS J.P. & LESCOAT G. (1989) Ontogeny of
secretory component in rat liver. Immunology, 68, 295.

28. BUTS J.-P., VAERMAN J.-P. & LESCOAT G. (1992) Ontogeny of the
receptor for polymeric immunoglobulins in rat hepatocytes. Gas-
troenterology, 102, 949.

29. McGEE D.W. & MCMURRAY D.N. (1988) Protein malnutrition
reduces the IgA immune response to oral antigen by altering B-cell
and suppressor T-cell functions. Immunology, 63, 25.

30. GLASS A.R. & SWERDLOFF R.S. (1980) Nutritional influences on
sexual maturation in the rat. Fed. Proc. 39, 2360.

31. XIE Q.-W. (1991) Experimental studies on changes of neuroendo-
crine functions during starvation and refeeding. Neuroendocrin-
ology, 53 (suppl. 1), 52.

32. WILSON J.D. & FOSTER D.W. (1985) Williams Textbook ofEndocrin-
ology, 7th edn. W. B. Saunders Company, Philadelphia.

33. CARRIERE R. (1964) The influence of the thyroid gland on polyploid
cell formation in the external orbital gland of the rat. Am. J. Anat.
115, 1.

34. SULLIVAN D.A. (1990) Hormonal influence on the secretory
immune system of the eye. In: The Neuroendocrine-Immune
Network (ed. S. Freier), p. 199. CRC Press, Boca Raton.

35. WIRA C.R., SANDOE C.P. & STEELE M.G. (1990) Glucocorticoid
regulation of the humoral immune system. I. In vivo effects of
dexamethasone on IgA and IgG in serum and at mucosal surfaces.
J. Immunol. 144, 142.

36. BUTS J.P. & DELACROIX D.L. (1985) Ontogenic changes in secretory
component expression by villous and crypt cells of rat small
intestine. Immunology, 54, 181.

37. BUTS J.P., DE KEYSER N. & DIVE C. (1988) Intestinal development in
the suckling rat: effect of insulin on the maturation of villus and
crypt cell functions. Eur. J. clin. Invest. 18, 391.

38. LEMAITRE-COELHO I., JACKSON G.D.F. & VAERMAN J.P. (1978)
Relevance of biliary IgA antibodies in rat intestinal immunity.
Scand. J. Immunol. 8,459.

39. CHUA S.C., LEIBEL R.L. & HIRSCH J. (1991) Food deprivation and
age modulate neuropeptide gene expression in the murine hypotha-
lamus and adrenal gland. Mol. Brain Res. 9, 95.

40. STEAD R.H., TOMIOKA M., PEZZATI P., MARSHALL J., CROITORU K.,
PERDUE M., STANISZ A. & BIENENSTOCK J. (1991) Interaction of the
mucosal immune and peripheral nervous systems. In: Psychoneur-
oimmunology (eds R. Ader, D. L. Felten and N. Cohen), 2nd edn. p.
177. Academic Press, San Diego.

41. HAQ J.A. & SZEWCZUK M.R. (1991) Differential effect of aging on
B-cell immune responses to cholera toxin in the inductive and
effector sites of the mucosal immune system. Infect. Immun.
59, 3094.

42. SMITH D.J., TAUBMAN M.A. & EBERSOLE J.L. (1987) Ontogeny and
senescence of salivary immunity. J. dent. Res. 66,451.

43. SENDA S., CHENG E. & KAWANISHI H. (1988) Aging-associated
changes in murine intestinal immunoglobulin A and M secretions.
Scand. J. Immunol. 27, 157.

44. KAWANISHI H. & KIELY J. (1989) Immune-related alterations in
aged gut-associated lymphoid tissues in mice. Dig. Dis. Sci. 34, 175.

45. DANIELS C.K., SCHMUCKER D.L., BAZIN H. & JONES A.L. (1988)
Immunoglobulin A receptor of rat small intestinal enterocytes is
unaffected by aging. Gastroenterology, 94, 1432.

46. LIM G.M., SHELDON G.F. & ALVERDY J. (1988) Biliary secretory



D. A. Sullivan, J.-P. Vaerman & C. Soo 317

IgA levels in rats with protein-calorie malnutrition. Ann. Surg.
207, 635.

47. CRUZ J.R., CARLSSON B., GARCIA B., GEBRE-MEDHIN M., HOF-
VANDER Y., URRUTIA J.J. & HANSON L.A. (1982) Studies on human
milk III. Secretory IgA quantity and antibody levels against
Escherichia coli in colostrum and milk from underprivileged and
privileged mothers. Pediatr. Res. 16, 272.

48. HENNART P.F., BRASSEUR D.J., DELOGNE-DESNOEK J.B., DRAMAIZ
M.M. & ROBYN C.E. (1991) Lysozyme, lactoferrin, and secretory
immunoglobulin A content in breast milk: influence of duration of
lactation, nutrition status, prolactin status, and parity of mother.
Am. J. clin. Nutr. 53, 32.

49. GLASS R.I., SVENNERHOLM A.-M., STOLL B.J., KHAN M.R., HUDA
S., HUQ I. & HOLMGREN J. (1989) Effects of undernutrition on
infection with Vibrio cholerae 01 and on response to oral cholera
vaccine. Pediatr. infect. Dis. J. 8,105.

50. LIM T.S., MESSIHA N. & WATSON R.R. (1981) Immune components

of the intestinal mucosae of ageing and protein deficient mice.
Immunology, 43,401.

51. TANAKA S., MIURA S., TASHIRO H., SERIZAWA H., HAMADA Y.,
YOSHIOKA M. & TSUCHIYA M. (1991) Morphological alteration of
gut-associated lymphoid tissue after long-term total parenteral
nutrition in rats. Cell Tissue Res. 266, 29.

52. NEUMANN C.G., LAWLOR G.J., JR, STIEHM E.R., SWENDSEID M.E.,
NEWTON C., HERBERT J., AMMANN A.J. & JACOB M. (1975)
Immunologic responses in malnourished children. Am. J. clin. Nutr.
28,89.

53. UMEZAWA M., HANADA K., NAIKI H., CHEN W.-H., HOSOKAWA M.,
HOSONO M., HOSOKAWA T. & TAKEDA T. (1990) Effects of dietary
restriction on age-related immune dysfunction in the senescence

accelerated mouse (SAM). J. Nutr. 120, 1393.
54. TABBARA K.F. (1986) Chlamydial conjunctivitis. In: Infections of

the Eye (eds K. F. Tabbara & R. A. Hyndiuk), p. 421. Little, Brown
and Company, Boston.


