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GUT ASSOCIATED LYMPHOID TISSUE IN THE COTTON RAT

(SIGMODON HISPIDUS� AND ITS RESPONSE TO PROTEIN

RESTRICTION

Robert L. Lochmiller, Michelle R. Vestey, and Dana Nash
Department of Zoology, Oklahoma State University,Stillwater,Oklahoma 74078, USA

ABSTRACT: We examined age and nutritional related changes in the distribution and size of gut
associated lymphoid tissues in the intestinal tract of cotton rats (Sigmodon hispidus). Peyers
patches in the small intestine are prominent, ranging from four to 13, and increase in size (surface
area) with age. The average Peyer’s patch in the adult cotton rat measured 23.9 mm2. Lymphoid
tissue in the cecum was primarily limited to a large aggregate located in the vermiform appendix,
which increased in size with age Age related changes in the number of visible lymphoid follicles
in the large intestine were highly significant, increasing from 248 in juveniles to 45.1 in adults.
Weights of dissectable Peyer’s patch tissue in animals consuming a low protein diet were signif-
icantly lower in juveniles and greater in subadults compared to those on high protein diets Relative
weights of Peyer’s patch tissue averaged 84 to 95% more in low protein-fed animals than in the
group on the high quality protein diet Our results suggest that peripheral lymphoid tissues in
wild cotton rats are more resistant to protein deficiencies than other tissues in the body and could
be a useful index for assessing nutritional status.

Key words: Cotton rats, Sigmodon hispidus, Peyer’s patches, gut associated lymphoid tissue,
lymphoid tissue, protein nutrition, malnutrition, immunology.

INTRODUCTION

Immune mechanisms of mucosal tissues

have received considerable attention from

researchers during recent years (Asquith,

1979; Bourne, 1981). The gut associated

lymphoid tissue (GALT) system forms an

important part of the peripheral mucosal

immune system, providing localized im-

munity in the intestinal tract for coping

with ingested materials that are potentially

antigenic and pathogenic (Whitehead and

Skinner, 1978). Two basic types of lym-

phoid tissues are found in the mammalian

intestinal tract; multiple aggregates known

as Peyer’s patches in the small intestine

and isolated lymphoid follicles scattered

throughout the intestinal tract. Histologic

descriptions of their structure and cell con-

tent are available for a number of different

domestic and laboratory mammalian spe-

cies (Cooper et al, 1968; Faulk et al, 1971;

Cole and Morris, 1973; Waksman et al,

1973; Chapman et a!., 1974; Lopez et a!.,

1985).

The GALT system is an area of intense

lymphopoietic activity following antigenic

stimulation in the gut (Kagnoff, 1978) and

responsible for the generation of the IgA

lineage of B lymphocytes (Craig and Ce-

bra, 1971; Kawanishi et al, 1983). Alter-

ations in mucosal immune system function

have been observed in response to nutri-

tional restriction in humans (Chandra,

1983) and laboratory rodents (McGee and

McMurray, 1988). During protein and cal-

orie restriction, secretory IgA levels in gut

secretions are often depressed (Reddy et

al, 1976) and Peyer’s patch tissues have

been shown to atrophy (Lopez et al, 1985).

Immunosuppression at the gut can lead to

enteric disease which often results in mal-

absorption states (Gershwin et al, 1985).

Despite the importance of GALT in in-

hibition of microbial pathogen coloniza-

tion and infiltration of dietary antigens,

little is known of its structure and function

in wild rodents. Basic information on the

structure of this component of the periph-

eral immune system and its response to

various environmental stressors such as nu-

tritional restriction is needed to better un-

derstand disease and how it may influence

the dynamics of rodent populations. Con-

sumption of low protein forage is common

in wild herbivore populations and can re-

sult in high mortality rates within juvenile
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age classes (White, 1978). This study was

initiated to elucidate the distribution and

gross morphology of GALT throughout the

intestinal tract of the cotton rat (Sigmodon

hispidus) and to examine the effects of

consuming a diet low in protein on its gross

development.

MATERIALS AND METHODS

Distribution of GALT

To provide baseline information on the dis-
tribution and size of GALT in cotton rats, we

used either wild-caught or offspring of wild-

caught animals maintained in our conventional
outbred laboratory colony (Oklahoma State
University, Stillwater, Oklahoma 74078, USA).
All animals were maintained in the laboratory

for at least 1 wk on a commercial laboratory

chow diet prior to use and were housed (two to
four/cage) in standard plastic cages (48 x 27
x 20 cm) with sawdust bedding. Animals were

classified into age-groups on the basis of body
weight criteria (juveniles <60 g; subadults 60-
99 g; adults >100 g) (Stafford and Stout, 1983).
Animals were anesthetized with ketamine hy-
drochloride prior to cervical dislocation and

evisceration. The intestinal tract from the du-
odenum to the rectum was removed from each
animal, separated from the mesentery, any ad-
hering fat tissue removed, and subjected to ace-
tic acid treatment as described below.

Experimental protein nutrition trials

Weanling (18-days-old, n = 41, trial = 3 wk

duration), juvenile (5-wk-old, n = 22, trial = 6
wk duration), and subadult (8-wk-old, n = 45,
trial = 6 wk duration) cotton rats were used in
a series of three experimental trials to examine
the effects of protein concentration in the diet
on the development of GALT. For each trial,
animals were blocked by litter and randomly
assigned to either a high (16% crude protein) or
low (4% crude protein) quality diet. Diets were
isocaloric and formulated with casein as the pro-

tein source (United States Biochemical, Cleve-
land, Ohio 44128, USA).

Experimental diets and water were provided

ad libitum during each trial which we felt better
reflected foraging conditions in the wild where
low quality forage is highly available (Batzli,

1985). Daily food consumption of low and high
quality diets by experimental subjects in the
juvenile trial was measured to document that

diets were palatable and determine if animals
fed a low quality diet could compensate for
protein quality by increased consumption. A
known weight of food was introduced into cages

and uneaten portions reweighed the following
day.

After termination of each trial, animals were

anesthetized, sacrificed, and intestinal tracts re-
moved as described above. Intestinal tracts of
weanling and juvenile cotton rats were subjected

to acetic acid treatment to highlight Peyer’s

patches before obtaining weights of tissues; tracts

of subadults were processed fresh due to their

larger size.

Acetic acid treatment

Intestinal tracts were split-open along the lon-

gitudinal axis approximated by the junction of
the tracts with the mesenteries. Intestinal con-
tents were thoroughly washed from the tract
with phosphate buffered saline. The acetic acid

treatment procedure of Comes (1965) was used
to remove epithelial tissue for macroscopic vi-
sualization of lymphoid aggregates along the
intestinal tract. Basically, washed intestinal tracts

were laid flat on a styrofoam board, secured in
place with pins, and immersed in 10% acetic

acid overnight at room temperature. Following
acetic acid treatment, intestinal tracts were again
washed with buffered saline, sandwiched be-

tween two clear sheets of acetate, and a per-
manent record of the number and distribution
of lymphoid aggregates made by tracing the

outline of the intestinal tract and the position
and size of each aggregate. Lymphoid aggre-
gates and individual lymphoid follicles were
quite visible following acetic acid treatment,

appearing as white patches, as previously de-

scribed for other species (Comes, 1965; Gold-
stifle et al., 1975; Langman et al., 1986). Con-
firmation that these white nodules were

lymphoid aggregates was made by histologically

examining selected nodules using light micros-

copy.

Morphometrics

Measurements on the number, size, and dis-
tribution of GALT were made for the small

intestine, cecum, and large intestine of cotton
rats. The Peyer’s patches in the small intestine,

cecal patches and lymphoid follicles in the ce-
cum, and lymphoid follicles and lymphoid ag-
gregates (aggregation of >4 lymphoid follicles)
in the large intestine were enumerated. Solitary

lymphoid follicles in the intestine have also been

termed lymphoid nodules (Keren, 1978). The
total number of follicles in all Peyer’s patches
was determined in 20 adult cotton rats after

acetic acid-treated small intestinal tracts were
sandwiched between two sheets of clear acetate
and viewed on a light-table. Peyer’s and cecal
patches were assumed to be ellipsoidal in shape
(Langman et al., 1986). Perpendicular diame-

ters (to the nearest 0.01 mm) of each patch were
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measured using vernier calipers and surface area

calculated using the surface area formula for an
ellipsoid (area = ir r x r2). Both the total surface
area contributed by all Peyer’s patches and the
mean size (surface area) of an individual Peyer’s

patch were calculated for each cotton rat.
The effects of protein restriction on experi-

mental animals were examined by measuring
the development of Peyer’s patch tissues. Pey-

er’s patches were enumerated and carefully dis-

sected from acetic acid-treated (weanling and
juvenile trials) or fresh (subadult trials) small
intestinal tracts. Removed Peyer’s patches were
gently blotted dry and total weight recorded for

each animal (Lopez et al., 1985). Because of
processing differences we did not compare
weights between acetic acid-treated and fresh
Peyer’s patches.

Statistical analysis

Differences in the number and size of lym-
phoid tissues and other morphometric param-
eters among juvenile, subadult, and adult cotton
rats were tested for significance by one-way
analysis of variance using SYSTAT (Wilkinson,
1989). When significance was indicated, differ-
ences among means were determined by Tu-
key’s HSD multiple range test. Differences in
relative food consumption between diet groups
was tested using a t test. The effects of protein
quality on Peyer’s patch development were ex-
amined by analysis of variance with litter (block
effect) and diet (high, low) as main factors.

Distribution of GALT

RESULTS

The distribution of Peyer’s patches in

the small intestine was similar among in-

dividuals, although differences in number

were apparent. A few solitary lymphoid

follicles were visible in the proximal du-

odenum adjacent to the stomach in a small

number of individuals. Distinct Peyer’s

patches were the only lymphoid aggre-

gates visible in the small intestine of the

majority of cotton rats examined. Only two

Peyer’s patches could be consistently lo-

cated in the same anatomical area in the

small intestine. The proximal duodenal

patch was small in size and occurred 3 to

5 cm from the pylorus. All animals had a

large Peyer’s patch in the terminal ileum

about 1 to 3 cm from the ileocecal junction.

Other Peyer’s patches were distributed in

an unpredictable manner between the

TABLE 1. Distribution and size (surface area) of gut

associated lymphoid tissue in the intestinal tract of

juvenile, subadult, and adult cotton rats (Sigmodon
hispidus). A large intestine lymphoid aggregate is

defined as a cluster of >4 lymphoid follicles,

Measurement Sta-

Age class

Ju- Sub-
tistic venile adult Adult

Number of Peyer’s n 32 29 35

patches per �t 6.33’ 7,31’ 7,40’

animal SE 0,38 0,44 0.34

Peyer�s patch size n 9 15 13

(surface area, X 12,9� 17.0’’ 239”

mm2/patch) SE 2,6 2.5 2,0

Total surface area n 9 15 13

(all patches, mm2) 76.7’ 113.8’ 162,4’

SE 8,7 13,0 10,0

Large intestine,

number of lym- n 32 36 52

phoid �t 24,8’ 35,5( 45.1’

follicles SE 1,7 2.0 1.9

Large intestine,

number of lym- n 32 36 52

phoid 1 1.0’ 2.1’ 5,0�’

aggregates SE 0,0 0,3 0,4

Cecal lymphoid n 9 14 10

patch (mm2) I 8.0’ 23.4’ 30,7’

SE 1,8 1,7 1,9

Means followed by the same letter were not significantly

different (P = 0.05).

proximal duodenal and terminal ileal

patches.

Although the mean number of Peyer’s

patches per individual was lower for ju-

veniles compared to adults (Table 1), the

difference was not significant (P> 0.05).

The number of Peyer’s patches per indi-

vidual ranged from 4 to 13, with an overall

mean of 7.2 ± 0.38 (SE). Size (surface area,

mm2) distribution of Peyer’s patches was

quite variable and influenced by age. Av-

erage size of Peyer’s patches in adults was

twice as large as those in juveniles (P <

0.02). Average size of Peyer’s patches in

subadult cotton rats was intermediate and

did not differ (P > 0.10) from juveniles,

but tended (P > 0.09) to be smaller than

mature adults. The terminal ileocecal Pey-

er’s patch was one of the largest, averaging

28.4 ± 2.0 (SE) mm2 in mature adults. The
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proximal duodenal Peyer’s patch was

smaller in size, averaging 17.8 ± 2.5 (SE)

mm2 in adults. The total number of folli-

cles in all Peyer’s patches of 20 individual

adult cotton rats averaged 103 ± 5.5 (SE).

All animals examined possessed a prom-

inent lymphoid aggregate located in the

vermiform appendix of the cecum. This

cecal lymphoid patch was identical in gross

appearance to the Peyer’s patches of the

small intestine. Most animals possessed no

other lymphoid tissue in the cecum; how-

ever, a small number of additional solitary

lymphoid follicles was present in the ce-

cum of a few subadults and adults. Size of

the cecal lymphoid patch differed signif-

icantly (P < 0.01) among age classes (Ta-

ble 1).

Large lymphoid aggregates were not

present in the large intestine of cotton rats.

Solitary lymphoid follicles were widely

distributed throughout the entire length of

the large intestine. Only a very small num-

ber of actual aggregates (defined as a clus-

ter of �4 lymphoid follicles) were ob-

served in the tracts examined (Table 1).

Both the number of lymphoid follicles and

aggregates differed significantly (P <0.01)

among age classes: greater in adults than

younger age classes and greater in suba-

dults compared to juveniles. The number

of lymphoid aggregates also increased with

increasing age, with greater numbers in

adults compared to younger age classes.

Effect of diet protein content

Both the 4 and 16% protein diets were highly
palatable with an overall average intake of 4.26

± 0.43 (SE) and 7.62 ± 0.21 (SE) g/day/animal,
respectively, in the juvenile trial (Fig. 1). Ani-

mals on the 4% protein diet were unable to
compensate for the low concentration of protein
in the diet by increased consumption. Average
food consumption per gram of body weight (ex-
pressed as mean intake/mean body weight) in
the juvenile trial was slightly higher for the 4%

diet group but was not statistically different (P
= 0.12) from the 16% group (Fig. 1). Cotton

rats receiving a 4% crude protein diet were un-
able to support normal body growth but did
maintain their initial body weight in all three
trials indicating an adequate caloric intake (Ta-
ble 2). Development was normal in cotton rats
receiving the 16% protein diet.

No significant (P > 0.10) difference in the
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TABLE 2. Experimental conditions and body weight changes in three protein (4% versus 16% crude protein,
isocaloric diets) feeding trials using weanling, juvenile, and subadult cotton rats (Sigmodon hispidus).

Parameter
Dietary protein

(%) Weanling trial Juvenile trial Subadult trial

Sample size 4

16

21

20

10
12

24
21

Age at onset both diets 18 days 5 wk 8 wk

Trial duration both diets 3 wk 6 wk 6 wk
Initial body weight 4

16

37.2 ± 0.9

36.8 ± 1.3

32.6 ± 2.1

33.9 ± 1.5
81.3 ±

84.3 ±

3.2

3.1
Final body weight 4 38.8 ± 1.2 32.1 ± 2.2 84.7 ± 5.4

16 67.2 ± 2.0 81.7 ± 2.4 121.1 ± 4.4

number of Peyer’s patches in the small intestine

of weanling, juvenile or subadult cotton rats was
observed. Weight of total dissectable Peyer’s
patch tissue was influenced by diet, but dietary
effects were inconsistent among experimental
trials. Average total weight of Peyer’s patches
did not differ significantly (P > 0.10) between
diets for weanling cotton rats. However, total
tissue weights for animals receiving the 4% pro-
tein diet were significantly (P < 0.02) lower in
the juvenile trial and greater in the subadult
trial compared to 16% protein groups (Fig. 2).

Average weights of individual Peyer’s patches
were largely unaffected by dietary protein re-
striction, although weights tended to be greater
among subadults on low quality than high qual-

ity diets (Fig. 3).
Expressed relative to body weight (mg/g),

Peyer’s patches contributed a significantly
greater (P <0.001) proportion of weight to total

Total Weight of Payer’s Patches (mg)

47. PROTEIN

167. PROTEIN

I �I �L
Age at Onset of Restriction

FIGURE 2. Total weight (mean ± SE) of dissect-

able Peyer’s patch tissues from the small intestine of
cotton rats fed isocaloric diets containing 4% or 16%
protein. Weanling (18-days-old at onset), juvenile (5-
wk-old at onset), and subadult (8-wk-old at onset)

animals were fed experimental diets for 3, 6, and 6
wk, respectively.

body weight in the 4% protein group than in

the 16% protein group for all three trials (Fig.
4). Relative weights of Peyer’s patch tissue av-
eraged 84 to 95% more in 4% than 16% protein

diet groups. Relative weights also were greater
among weanling than subadult and adult age
classes, suggesting early development of these
structures relative to total body mass.

DISCUSSION

The GALT system of the cotton rat is

basically comprised of four to 13 Peyer’s

patches in the small intestine, a prominent

Peyer’s patch-like cecal patch, and nu-

merous solitary lym phoid follicles

throughout the large intestine. These in-

testinal lymphoid tissues share a similar

gross morphology, and probably share

many functional similarities as in other ro-

dent species (Waksman and Ozer, 1976).

The major developmental changes from

5.00

4.50

4.00

3.50

� 3.00

� 2.50
a

� 2.00

1.50

1.00

0.50

0.00

4% PROTEIN

16% PROTEIN

I fi
�;

�

18 Oay 5 Wks

Age at Onset of Restriction

FIGURE 3. Average weight (mean ± SE) of in-

dividual Peyer’s patches from the small intestine of
weanling, juvenile, and subadult cotton rats fed iso-
caloric diets containing 4% or 16% protein.
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FIGURE 4. Relative (mg/g body weight) total

weight (mean ± SE) of dissectable Peyer’s patch tis-

sues from the small intestine of weanling, juvenile,

and subadult cotton rats fed isocaloric diets contain-

ing 4% or 16% protein.

juvenile (our youngest cotton rat in this

study was 18 days of age) to adult age

classes that we observed occurred primar-

ily with size (surface area) of lymphoid

aggregates, especially Peyer’s and cecal

patches. Of these, Peyer’s patches reached

a maximum size at an earlier age than the

cecal lymphoid patch. Although we found

no evidence that the number of small in-

testinal or cecal lymphoid aggregates

changed with age (from weaning to ma-

turity), this was not the case in the large

intestine of cotton rats. Both the number

of visible lymphoid aggregates and solitary

follicles increased from postweaning to

maturity. There appears to be no corre-

lation between the number of Peyer’s

patches and age or sex in other rodent spe-

cies (Richter and Hall, 1947).

There were several noteworthy differ-

ences between the GALT system of cotton

rats and other small mammals. Although

the distribution of Peyer’s patches appears

to be remarkably similar to albino and wild

rats (Hummell, 1935; Richter and Hall,

1947; Hummell, 1966), laboratory strains

of mice (Kelsall, 1946), rabbits (Perey et

a!., 1970), and even sheep (Reynolds and

Morris, 1983), substantial differences exist

among species with respect to number of

patches. A large ileocecal and small prox-

imal duodenal Peyer’s patch occurs in both

cotton rats and albino rats (Hummell,

1935), as well as other species (Perey et

al., 1970; Reynolds and Morris, 1983).

However, the total number of Peyer’s

patches varies from 18 to 26 in the albino

rat (Hummell, 1935) and as high as 25 to

40 in sheep (Reynolds and Morris, 1983).

A comparison of Peyer’s patches in wild

and domestic Norway rats (Rattus norveg-

icus) (Richter and Hall, 1947) revealed sig-

nificant differences in number of patches

per rat, ranging from nine to 23 (mean =

16) in wild rats and 13 to 26 (mean = 19)

in domestics. Peyer’s patches have also been

shown to differ among strains of laboratory

mice (Kelsall, 1946).

The single lymphoid cecal patch ob-

served in the cotton rat appears to be com-

mon among all rodents (Takeuchi, 1986)

and is probably homologous to the rabbit

appendix (Waksman et al., 1973). Similar

to Peyer’s patches, the cecal patch was con-

sistently present and grossly visible from

the serosal surface of the cecum in cotton

rats. Solitary lymphoid follicles were only

occasionally present in the cecum. Consid-

erable differences also exist between cot-

ton rats and other rodent species in the

distribution and number of lymphoid tis-

sues in the large intestine (Hummell, 1935).

Cotton rats possess very few lymphoid ag-

gregates, and no patches, relative to the

number of solitary follicles which have a

diffuse pattern of distribution throughout

the large intestine.

The consequences of consuming diets

containing low concentrations of protein

on development of lymphoid tissues have

been examined in laboratory animals by a

number of investigators (Gershwin et al.,

1985). Decreased weights for spleen, thy-

mus, and mesenteric lymph nodes are

commonly reported in laboratory mice fed

4% protein diets (Kenney et a!., 1968; Bell

et a!., 1976). Lopez et a!. (1985) observed

that Peyer’s patches of juvenile laboratory

rats suffer severe reductions in weight when

fed protein-free diets for 15 days. Smythe

et al. (1971) observed reductions in the size

of a variety of lymphoid tissues in the gut
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during malnutrition in humans, including

tonsils, adenoids, Peyer’s patches, appen-

dix, and lymphoid aggregates in the colon.

Reductions in the size and cellularity of

lymphoid tissues reflect the impairment in

growth that results from a lack of protein

for cell division (Bell et al., 1976).

Our results suggest that development of

peripheral lymphoid tissues in wild cotton

rats may be somewhat more resistant to

protein deficiencies than other tissues (i.e.,

body mass) and species. Responses (de-

creased weight of Peyer’s patches) of ju-

venile cotton rats to low protein-contain-

ing diets were in agreement with obser-

vations reported for laboratory animals

(Lopez et al., 1985). Responses in this age

group may reflect a highly sensitive stage

in the development of GALT. For exam-

ple, mature germinal centers do not de-

velop in Peyer’s patches of laboratory mice

before 4-5 wk of age (Ferguson and Par-

rott, 1972). In contrast, absolute weights

of Peyer’s patches were greater among an-

imals fed a 4% protein diet than 16% pro-

tein diet in the subadult trial. Relative

weights of Peyer’s patch tissue for low pro-

tein-fed cotton rats in all age classes ex-

ceeded those fed high protein diets.

Stability, or increases as in the subadult

trial, in weight of Peyer’s patch tissues

could also reflect an elevated response to

antigenic stimulation in cotton rats fed a

diet containing a low concentration of pro-

tein; however, we have no evidence to sup-

port such a mechanism in this study. The

GALT matures under the influence of en-

teric flora (Carter and Pollard, 1971).

Germ-free mice exposed to antigenic stim-

ulation show increased development of

Peyer’s patches in the gut (Pollard and

Sharon, 1970). In comparison, isolation of

lymphoid tissues such as appendix from

antigenic stimulation in the gut results in

acute shrinkage due to disappearance of

germinal centers (Blythman and Waks-

man, 1973). Decreased imm unocom pe-

tence in 4% protein-fed cotton rats may

have resulted in increased antigenic stim-

ulation in the gut. Although lymphoid or-

gan hypertrophy is a common response to

antigenic challenge in healthy animals, Bell

et a!. (1976) observed that this response

(popliteal lymph node) will diminish in

mice fed a low protein diet.

The dramatic fluctuations in weight of

the thymus gland in response to nutritional

conditions has led to the use of this mea-

surement as an indicator of condition in

white-tailed deer (Odocoileus virgini-

anus) (Ozoga and Verme, 1978). Unfor-

tunately, the use of thymus glands in many

rodent species is limited as this lymphoid

tissue will atrophy at a very early age. Al-

ternatively, relative weight of Peyer’s patch

tissues may prove to be a useful indicator

of nutritional status in cotton rats for all

age classes.
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