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Disruption of central-place foraging in the 
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The neural basis of central-place foraging was investigated in the laboratory rat, using a six­
arm radial maze. Pieces of cheddar cheese of different sizes were placed on the ends of the maze 
arms, and preoperative central-place foraging behavior was monitored. Then bilateral electro­
lytic lesions were made in the fimbria fornix (FF), amygdala (AMY), medial frontal cortex (MFC), 
dorsomedial thalamic nucleus (MD), and combined MFC-MD, and a comparison was made with 
control animals on the tendency to carry pieces of cheese to the center of the radial-arm maze. 
Rats with more than 77% destruction of the MD exhibited a reduction in food-carrying behavior 
and a concomitant increase in eating food items at the ends of arms, in comparison with control 
animals. Rats with less than 77% destruction ofthe MD exhibited some reduction in food-carrying 
behavior, but they did not differ significantly from controls. Rats with lesions of the FF, AMY, 
and MFC did not exhibit any reduction in food-carrying behavior. These findings suggest that 
the MD plays a role in adaptive food-carrying behaviors that are involved in central-place foraging. 

Some foraging animals do not consume food where they 
first encounter it. For example, wild Norway rats (Rattus 
norvegicus), roof rats (Rattus rattus), and gray squirrels 
(Sciurus carolinensis) often carry food to cover for in­
gestion and do not consume food in the open (Flannely, 
Kemble, & Hori, 1986; Lima & Valone, 1986; Lima, 
Valone, & Caraco, 1985; Neider, Cagnin, & Parisi, 
1982). Animals that carry food to a fixed central site for 
feeding have been called central-place foragers (Carlson 
& Moreno, 1981; Covich, 1987). 

Traditional models of optimal foraging have suggested 
that fitness is a function of the efficiency of foraging, 
measured in terms of the rate of energy intake over time 
(E/T) (Pyke, Pulliam, & Chamov, 1977). Recendy, Lima 
and bis co-workers have argued that the foraging behavior 
of animals is influenced by both E/T and the risk of pre­
dation (Lirna, 1985; Lima & Valone, 1986; Lima et al., 
1985). Carrying food to cover ensures that an animal will 
not be exposed to predation during food consumption, but 
carrying a11 food iterns expends too much time and energy . 
Foraging animals can trade off E/T against the risk of pre­
dation by carrying large items to safety and consuming 
small items where they are found. Because small items 
can be consumed rapidly, the risk of predation or food 
theft is minimal. 
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It has been shown in gray squirrels that as the size of 
a food item increases, the probability of carrying the item 
to cover increases. Furthermore, as the distance of a food 
item from cover increases, the probability of carrying the 
item to cover decreases (Lima & Valone, 1986; Lima 
et al., 1985). As the round-trip time between the food 
patch and the central place exceeds the time required to 
consume food, the optimal strategy is to eat all the items 
in the patch. 

Recendy, it has been shown that a number of the central­
place foraging strategies seen in wild rodents can be 
demonstrated in laboratory rats on the radial maze (Phelps 
& Roberts, 1989). Food items consisting of pieces of 
cheese varying in weight and size were placed on the ends 
of the arms of a four-arm radial maze. Rats allowed to 
forage among the arms (patches) ate small food items on 
the arms but increasingly tended to carry items to the 
center ofthe maze for consumption as item size increased. 
Similar findings have been observed by Whishaw and 
Tomie (1989). Phelps and Roberts (1989) also measured 
the time that rats took to complete different components 
of foraging and found several phenomena that agree with 
observations of gray squirrels in the wild. Rats on the 
radial maze ate food more rapidlyon the arms than in 
the center. Further, rats, like gray squirrels, move more 
quickly when carrying food to the center of the maze than 
when traveling out on an arm in search of food or retum­
ing to the center without food. In further experiments, 
the structure of the radial maze has been varied, and it 
has been shown that rats carrying food are attracted to 
the center of the maze and to other places where a num­
ber of branches or escape routes are available (Phelps & 
Roberts, 1989; Roberts, Phelps, & Schacter, in press). 

Copyright 1991 Psychonomic Society, Inc. 
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A number of lines of converging evidence, then, sug­
gest that innate foraging strategies are used by laboratory 
rats on the radial maze. Central-place foraging on the 
maze appears to be guided by genetically programmed 
decision-making processes (Roberts, in press). As further 
support for this suggestion, it has been observed that food 
carrying on the maze appears on the 1 st day of experimen­
tation in naive rats and persists with little modification 
through as many as 50 days oftesting (Phelps & Roberts, 
1989). 

In the present study, the neural mechanisms of central­
place foraging were investigated in the laboratory rat by 
observing the effects of electrolytic brain lesions on radial­
maze foraging. Food items of different sizes were placed 
on the arms of a six-arm radial maze, and rats were given 
preoperative experience on the maze to establish baseline 
performance of food-carrying behavior. Lesions were then 
made in the fimbria fomix (FF), a major extrinsic fiber 
connection ofthe hippocampus; amygdala (AMY); medial 
frontal cortex (MFC) , including the prelimbic and in­
fralimbic sectors of the prefrontal cortex; dorsomedial tha­
lamic nucleus (MD); and combined MFC-MD. Postoper­
ative food-carrying behavior was then observed in these 
lesioned rats and in control animals with either sham le­
sions or no lesions. The neural structures that were le­
sioned were chosen by examining the behavioral compo­
nents of central-place foraging, and by reviewing evidence 
in the literature for possible neural bases of these com­
ponents. 

Central-place foraging consists of a number of goal­
directed locomotor responses. Animals engage in loco­
motion when they search for food patches, search within 
a food patch, carry food items, and escape from preda­
tors. The hippocampus and its extrinsic fiber connections 
are neural structures that contribute to goal-directed loco­
motion, and thus they may playa role in central-place 
foraging (Flicker & Geyer, 1982; Isaacson, 1982; Mogen­
son & Neilsen, 1984; Yang & Mogenson, 1987). 

Central-place foraging clearly involves consummatory 
behaviors, such as food handling and ingestion. Because 
the AMY is a neural structure that contributes to consum­
matory behavior, it may playa role in central-place forag­
ing (Box & Mogenson, 1975; Chozick, 1986; Fonberg, 
1981; RoUs & RoUs, 1973; Vergnes, 1981). 

A major characteristic of central-place foraging is food 
carrying. Research into the neural bases of food carrying 
has focused on the area of food hoarding. Neural struc­
tures important for food hoarding that may play a role 
'in food-carrying behavior are the MD (Kolb, 1977; 
Mogenson & Wu, 1988) and the MFC, including the 
prelimbic and infralimbic sectors of the prefrontal cortex 
(Kolb, 1977; Stamm, 1953; Whishaw & Oddie, 1989). 

Central-place foraging also involves visuospatial infor­
mation processing. Anirnals must be able to (1) locate and 
remember the location of food patches; (2) locate areas 
where food will be carried that are safe from predation; 
and (3) process perceptual information about a food item 
in order to decide whether the item should be carried to 

a safer place for consumption. Neural structures involved 
in visuospatial information processing include the hip­
pocampus and its extrinsic fiber connections (O'Keefe & 
Dostrovsky, 1971; Olton, Branch, & Best, 1978; Olton, 
Walker, & Gage, 1978; Olton, Walker, & Wolf, 1982), 
the MFC (Kolb, Pittrnan, Sutherland, & Whishaw, 1982), 
and the MD (Kessler, Markowitsch, & Otto, 1982; 
Stokes, 1988; Stokes & Best, 1988). 

One of the major conditions that govem central-place 
foraging is antipredatory behavior. Neural structures that 
contribute to the emotional reactions of aggression and 
fear are located in the AMY (Mogenson, 1987; Vergnes, 
1981) and the MD (Bandler, 1971; Markowitsch, 1982; 
Waring & Means, 1976) and may be involved in the an­
tipredatory behavior of central-place foraging. 

METHOD 

Subjects 
Sixty-one male Long-Evans hooded rats (Rattus norvegicus) 

weighing 250-300 g at the start of the experiment were used as 
subjects. They were housed individually in wire mesh cages and 
were exposed to a 16:8-h light:dark schedule. The onset ofthelight 
occurred at 6:00 a.m.; the offset, at 10:00 p.m. The anima1s were 
kept at approximately 85% oftheir free-feeding weight for preoper­
ative training and postoperative testing and were raised to 95 % of 
their free-feeding weight prior to surgery. Water was available 
throughout the experiment ad lib. Training and testing were con­
ducted between the hours of 10:00 a.m. and 5:00 p.m. 

Apparatus 
The open, elevated six-arm radial maze was constructed of ply­

wood and painted black. The six arms radiated from a circular eentra1 
platform, with a 60° angle between adjaeent arms. The eentral plat­
form was 36 cm in diameter, and each arm was 72 cm long and 
9 cm wide. The maze was located in a 2.1 x 3.1 m room illurni­
nated by two enclosed, overhead fluorescent light units. A blind 
made of black poster board mounted on a wooden frame, measur­
ing 111 cm wide by 145 cm high, was placed adjacent to the maze. 
The experimenter sat behind the blind, observed the subjects' be­
havior through a small hole in the blind, and recorded the subjects' 
behavior by entering appropriate behavioral codes into a Commo­
dore 64 computer. White noise was played through an overhead 
speaker throughout the experiment. 

Preliminary Training 
The rats were placed on adeprivation schedule 5 days prior to 

preoperative training. They were weighed and handled daily and 
were adapted to the experimental food (Kraft's Arnerican processed 
cheese) in their horne cages. 

Prior to preoperative training, the rats were given prelirninary 
training on the maze for 3-5 days. Small pieces of cheese (0.05 g) 
were placed on the ends of the maze arms. Each rat was placed 
on the eentral platform of the maze and allowed to explore the maze 
freely and eat the pieces of cheese. Onee the rats were running relia­
bly down the arms of the maze and consurning the food located 
there, prelirninary training was concluded. 

Preoperative Training 
In an initial small study, 9 rats were trained for 5 days. In a sub­

sequent larger study, 52 rats were trained for 10 days. Food items 
consisted of cubes ofmild cheddar cheese that weighed 0.05,0.45, 
0.90, 1.80, and 2.70 g. At the beginning of a trial, five of the six 
arms of the maze were baited with cheese. The arms of the maze 



were labeled A, S, C, D, E, and F. The assignrnent of item sizes 
to arms was varied between rats, but for individual rats the assign­
ment was held constant across trials. Each rat was placed on the 
central platform of the maze, and then the experimenter stepped 
behind the blind. Separate codes were entered into the computer 
to indicate a rat's response to food items. A printout from the com­
puter provided a record of the arms entered and the behavior ex­
hibited. The responses of major interest were eat on arm, carry 
to center, and eat in center. For a response to qualify as a carry, 
a rat had to carry the food item back to the central platform of the 
maze before consumption. Ifthe subject consumed the item where 
it was located, this was labeled eating on the arm. 

Surgery 
The rats were anesthetized with sodium pentobarbital (Somnotol, 

60 mg/kg, i.p.) and positioned in a Kopf stereotaxic apparatus. The 
stereotaxic coordinates used were obtained from a standard atlas 
of the rat brain (Pellegrino, Pellegrino, & Cushman, 1979), with 
the incisor bar adjusted 5 mm above the interaural plane. The rats 
were given bilateral electrolytic lesions of the MFC (A-P = 3.4, 
4.0, and 4.6 mm, L-M = 0.8 mm, D-V = 2.5 and 3.5 mm), MD 
(A-P = -1.4 mm, L-M = 0.9 mm, D-V = 5.4 mm), AMY (A-P 
= -1.0 mm, L-M = 5.0 mm, D-V = 8.0 mm), FF (A-P = 
-0.2 mm, L-M = 1.0 mm, D-V = 3.5 mm), and combined MFC 
and MD. Alliesions were made by passing a direct anodal current 
of 1.0-2.0 mA for 15-25 sec through a stainless steel wire that was 
insulated except for about 0.5 mm at the tip. For sham lesions, the 
electrode was lowered into the brain without penetration of target 
areas, and current was not passed through the electrode. Upon com­
pietion of surgery, rats were given an antibiotic to prevent infec­
tion (Pen-Di-Strep, 50 mg/kg i.m.) and allowed to recover for 5-7 
days. During postsurgical recovery, the rats were handled for 
5-10 min daily. 

Postoperative Testing 
All animals were tested postoperatively with the same procedure 

that was used in preoperative training. The 9 rats given 5 days of 
preoperative training were tested for 5 days postoperatively, and 
the 52 rats trained for 10 days preoperatively were tested for 10 
days postoperatively. Among the rats tested for 5 days, 2 were in 
the MFC lesion group, 2 were in the FF lesions group, 2 were in 
the MD lesion group, and 3 were in the combined MFC and MD 
lesion group. 

Histology 
Following completion of the experiment, the rats were sacrificed 

by an overdose of sodium pentobarbitol (Somnotol) and perfused 
transcardially with 50 rnl of 0.9% NaCI followed by 50 rnl of 
buffered formalin. Their brains were then removed from the skull 
and fixed in formalin for a minimum of24 h. They were then sec­
tioned at 80 /Lm, using a freezing microtome and stained with thio­
nin for histologica1 determination of lesion sites. 

In the animals with destruction ofthe MD, lesions were examined 
by means of a grid system analysis. Brain sections corresponding 
to selected plates of the Pellegrino et al. (1979) stereotaxic atlas 
of the rat brain were projected onto gridded copies of these plates, 
using a projecting microscope. The projecting microscope was set 
at 12X magnification, which corresponded to the magnification level 
ofthe plates. Eight gridded plates were used, ranging from 0.6 mm 
posterior to bregma to 2.0 mm posterior to bregma at 0.2-mm in­
tervals. Each grid was composed of 0.3 x 0.3 mm squares. The 
locus and the extent of damage were reproduced by referring to 
standard landmarks on each section, such as the fimbria, hip­
pocampus, and mamillothalamic tract. The area of evacuation and 
gliosis defined the damage. The number of grids that was within 
the area of damage was compared to the total number of grids within 
the MD of each atlas plate. Thus, apercent damage of the MD was 
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calculated. In the case of asymmetrically cut sections or sections 
that did not correspond precisely to a given atlas plate, precise 
reproduction of lesion damage was obtained by means of careful 
interpolation with one or more anterior and posterior sections. 

Data Analysis 
To facilitate a statistical comparison, the frequency with which 

food items were carried to the center of the maze or consumed on 
the end of the maze arrns was converted to apercentage. Percent­
age of items carried and percentage of items consumed on an arm 
were complementary measures; therefore, the data have been 
reported only as percentage carried to the center of the maze. Five 
subjects were dropped from pre- and postoperative statistical anal­
yses, because lesions did not destroy any of the target areas. Two 
subjects were dropped from further analyses because they did not 
exhibit food-carrying behavior preoperatively at the largest food­
item weight of 2.70 g. Therefore, the animals that were used for 
statistical analyses were as folIows: unoperated control (n = 7), 
sham control (n = 11), MFC lesion group (n = 11), MD lesion 
group (n = 6), AMY lesion group (n = 6), FF lesion group (n = 7), 
and combined MFC and MD lesion group (n = 6). 

Separate repeated measures ana1yses (ANOV As) were performed 
on the percentages of items carried to the center of the maze. The 
factors in all subsequent analyses were item size and group assign­
ment. All statistical tests were considered significant if p < .05. 

RESULTS 

Preoperative Performance 
Within the group of 45 rats tested for 10 days, there 

was a small but significant increase in the tendency to 
carry large food items to the center between Days 1-5 
and 6-10 [F(4,44) = 4.88]. However, the 9 rats tested 
for 5 days did not differ in food-carrying frequency from 
the lO-day rats on either Days 1-5 [F(1,52) = 2.06] or 
Days 6-10 [F(I,52) = 0.58]. Therefore, the two groups 
of rats were combined for all subsequent analyses. 

Item weight X postoperative treatment group ANOV As 
were performed on the percentage of items carried to the 
center of the maze. There was an increasing tendency to 
carry food items as item weight increased [F(4,188) = 
214.77]. There was no significant difference between 
groups [F(6,47) = 0.53], nor was there a significant in­
teraction of group x item weight [F(24, 188) = 1. 06] . 
For the purpose of illustration, the percentages of items 
carried to the center by the six to-be-Iesioned groups were 
combined and are shown for each item weight in Figure 1. 

Postoperative Performance 
The 45 animals tested for 10 days postoperatively per­

formed at the same level throughout the 10 days. No sig­
nificant differences in food-carrying frequency were found 
between Days 1-5 and 6-10 for any of the lesion or con­
trol groups. Each of the 9 animals tested for 5 days was 
comparable to the animals in its respective lesion group, 
and therefore data from the 5-day and 10000y animals were 
combined in each group for all subsequent analyses. 

An ANOV A was performed on the percentage of items 
carried to the center of the maze by the unoperated and 
sham-Iesioned animals. The tendency to carry food items 
increased with increasing food-item weight [F(4,63) = 
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Figure 1. Percentage of items carried to the center of the maze 
during preoperative training, shown for each item weight. Separate 
bars and SEMs are shown for the unoperated and to-be-Iesioned 
animals. 

71.37], but there was no significant effect of group 
[F(1,16) = 0.29] and no significant interaction of group 
x item weight [F(4,63) = 1.32]. The results for the un­
operated and sham-Iesioned animals were combined, and 
this group will hereafter be referred to as the control group 
(n = 18). The control group served as a baseline against 
which lesioned groups were statistically compared. 

Bilateral electrolytic lesions of the MFC, AMY, and 
FF had no effect on food-carrying behavior. Lesions of 
the MD and MD-MFC did lead to a lower level of food 
carrying than that observed in the control group, but the 
MD and MD-MFC groups did not differ significantly 
from the control group. An examination of the behavior 
of individual animals within both the MD and the 
MD-MFC groups showed a clear bimodal distribution, 
with some animals carrying large food items on almost 
all occasions and some animals showing little tendency 
to carry large food items. On the basis of this observa­
tion, damage to the MD in the MD and MD-MFC lesion 
groups was analyzed, using a grid system. Grid system 
analysis revealed variability in the amount of destruction 
to the MD. Animals were then ranked according to the 
percentage destruction of the MD, with a median of 77 % 
destruction. Animals with less than 77% destruction of 
the MD (n = 6) formed one group, and animals with more 
than 77 % destruction to the MD (n = 6) formed another 
group. Three rats from the MD-MFC lesion group and 
3 rats from the MD group had more than 77 % destruc­
tion of the MD, and the other 3 rats in each group had 
less than 77 % destruction of the MD. Among rats in the 
MD-MFC group, there was little difference in the extent 
of MFC damage between the two subgroups with more 
than and less than 77% destruction of the MD. 

The percentage of items carried to the center of the 
radial-arm maze are shown as a function of item weight 
in Figure 2. Separate sets of bars for different item 
weights are presented for the control, AMY, FF, MFC, 
MD less than 77 %, and MD more than 77 % groups. 

Lesions in the MD less than 77 % group were bilateral 
but generally small, often including the habenular nucleus 

and stria medullaris, as can be seen in Figure 3. Damage 
to nuclei other than the MD were not correlated with be­
havioral changes. As is shown in Figure 2, rats in the MD 
less than 77 % group did exhibit some decrease in food 
carrying. However, an ANOVA indicated that these 
animals did not differ significantly from control animals 
in the tendency to carry food items to the center of the 
maze for consumption [F(1,22) = 0.04], and there was 
no significant interaction of group x item weight [F(4,88) 
= 2.14]. Item weight exerted a significant effect on the 
likelihood that a food item would be carried [F(4,88) = 
46.84]. 

Lesions in the MD more than 77 % group were bilateral 
and large, including all or most of the MD nucleus, as 
can be seen in Figure 4. In 2 animals, lesions extended 
anterior to the MD and included the anteromedial nucleus 
of the thalamus, and in 1 animal, lesions extended 
posterior to the MD and included the parafascicular 
nucleus. For the most part, lesions extended to other rnid­
line nuclei, including the habenular, paraventricular, 
paratenial, rhomboid, and reuniens nuclei and the stria 
medullaris. In the case of the largest lesion, damage ex­
tended to the dentate gyrus of the hippocampus. In 2 
animals, lesions were fairly circumscribed and included 
most ofthe MD nucleus, but spared the habenular nucleus 
and the stria medullaris. In one of these cases, the reuniens 
nucleus was also spared. 

As shown in Figure 2, there was a decrease in food­
carrying behavior by the MD more than 77 % group rela­
tive to control animals. The most dramatic difference was 
observed at the item weight of 2.70 g. The 2. 70-g item 
was carried to the center 95 % of the time by control 
animals and 18 % of the time by animals in the MD more 
than 77% group. An ANOVA indicated that animals with 
more than 77 % destruction to the MD differed signifi­
cantly from control animals [F(I,22) = 10.95]. There was 
a significant effect of item weight on the tendency to carry 
food items to the center [F(4,88) = 27.84]. A significant 
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Figure 2. Percentage of items carried to the center of the maze 
during postoperative testing, shown for each item weigbt. Separate 
bars and SEMs are shown for the control, AMY, FF, MFC, MD 
less than 77%, and MD more than 77% group8. AMY = amygdala; 
FF = fimbria fornix; MFC = medial frontal cortex; and MD = 
dorsomedial thaJamjc nucleus. 
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-
Figure 3. Diagrammatic representatlons of eledrolytic Iesions of the MD, in the Iess tban 77% group, 

sbown on coronal sectIons of the rat brain. Light sbacllng Indkates tbe Iargest Iesion, and dark sbacling 
represents tbe smaIIest Iesion. Numben represent tbe distanc:e posterior to bregma (0.0). Bar = 1 mm. 
ce = corpus callosum; HPC = bippocampus; MD = donomeclial tbalamic: nucleus. 

interaction of group x item weight was found [F(4,88) 
= 12.49]. The presence ofthis interaction reflects the ten­
dency of the MD more than 77 % group to carry progres­
sively fewer food items to the center of the maze than 
the control group did, as food size increased. 

A repeated measures ANOV A was performed on the 
percentage of items carried to the center, with the fac­
tors being MD more than 77 % versus MD less than 77 % 
groups, and item weight. There was a significant effect 
of item weight on food-carrying behavior [F(4 ,40) = 
8.32] . Although there was no significant effect of group 
[F(1 , IO) = 3.86], a significant interaction of group X 
item weight was found [F(4,40) = 2.81], which is indica­
tive of the fact that neither group carried the 0.05-g items 
but that the less than 77 % group carried more items than 
did the more than 77% group, at large item sizes. The 
mean percentage of items carried for each item weight 
by MD more than 77 % and MD less than 77 % groups 
were compared statistically, using one-tailed t tests . Food 
was carried significantly less frequently by the MD more 
than 77 % group than by the MD less than 77 % group at 
the item weights of 0.45 g [t(lO) = 2.29] , 1.80 g [t(lO) 

= 2.01], and 2.70 g [t(lO) = 1.81] . Only at the item 
weight of 0.90 g was a significant effect not observed 
[t(lO) = 1.63]. 

Lesions of the FF were placed anterior to the hip­
pocampus and posterior to the septa! nuclei, as can be seen 
in Figure 5. In 4 of the 7 animals, lesions destroyed the 
medial portions of the FF, with sparing of the lateral tips. 
In the remaining 3 animals, lesions destroyed both medial 
and lateral portions of the FF. An ANOV A revealed that 
food-item size had a significant effect on the likelihood 
that food items would be carried to the center of the maze 
for consumption [F(4,92) = 104.55] in FF-lesioned 
animals. However, FF-Iesioned animals did not differ sig­
nificantly from controls [F(l,23) = 0.03], and there was 
no significant interaction of group x item weight [F(4,92) 
= 1.83]. 

Lesions of the AMY were placed in the basal lateral 
and basal medial nuclei, as can be seen in Figure 6. An 
ANOV A revealed that item weight had a significant ef­
fect on the likelihood that food items would be carried 
to the center of the maze for consumption [F(4,88) = 
84.74] in AMY-lesioned animals. However, AMY-
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-Figure 4. Diagrammatic representatioDS or eJectroJytic JeslODS or tbe MD, in the more tban 77% 
group, sboWD on coronal sectioDS or tbe rat brain. Light shading indicates the Jargest Jesion, and 
dark shading represents the smaUest Iesion. Numhers represent the distance posterior to bregma 
(0.0). Bar = 1 mm. ce = corpus caIIosum; IIPC = hippocampus; MD = dorsomedial thalamk 
nucleus. 

lesioned animals did not differ significantly from controls 
[F(1,22) = 0.24], and there was no significant interac­
tion of group x item weight [F(4,88) = 0.56] . 

Lesions of the MFC were bilateral, with damage that 
included most of the prelimbic and infralimbic sectors 
of the prefrontal cortex, as can be seen in Figure 7. 
In 6 animals, lesions were restricted to the prelimbic 
and infralimbic sectors of the prefrontal cortex. In an­
other 5 animals, damage extended rostraUy throughout 
the MFC. There was no damage to the caudate putamen 
or the septal nuclei in any animal. Behavioral obser­
vations were confirmed statistically in that only item 
weight exerted a significant effect on the tendency to carry 
food items to the center of the maze for consumption 
[F(4,108) = 120.55] in MFC-Iesioned animals. There was 
no significant difference between the control and MFC­
lesioned groups [F(1,27) = 0.15], and there was no 
significant interaction of group X item weight [F(4,108) 
= 0.49]. 

DISCUSSION 

Bilateral electrolytic lesions of the MD reduced food­
carrying behavior with a concomitant increase in the eat­
ing of food items at the ends of arms of a radial-arm maze. 
These effects were statisticaUy significant when 77 % or 
more of the MD was damaged. Bilateral electrolytic le­
sions of the MFC, FF, and AMY did not influence the 
measures of central-place foraging behavior. 

Although lesions of the MD produced a reduction in 
food-carrying behavior, some MD-lesioned animals still 
showed food-carrying behavior on occasion. When these 
rats carried food, they displayed the characteristic se­
quence of behaviors that included securing the food item 
between the teeth, pivoting, and then darting back to the 
center of the maze at a more rapid rate than that at which 
the arm was entered (phelps & Roberts, 1989). Together, 
these observations suggest that the MD itself may not 
function to elicit the characteristic sequence of behaviors 



-
Figure 5. Diagnunrnatic represeatatiollS of electrolytic IesiOIlS oe 

the Fr shown oa coronal sectioDS of tbe rat bram. Light sbadlag 
iudicates the Iargest lesions, aud dark shadiDg represents the smaßest 
lesioo. Numbers repl"eseot the distaDce Imtenor pd posterior to 
bregma (0.0). Bar = 1 nun. CC = eorpus calIosum: CPU = cau­
date putameo; FF = funbria fornix. 

involved in food carrying, but may be involved in the 
decision-making processes of whether or not to carry food 
items. It has been suggested that animals with lesions of 
the MD fail to elicit appropriate behavioral responses to 
fear-arousing stimuli (V anderwolf , 1971; Waring & 
Means, 1976). Furthermore, Stokes (1988) suggested that 
the MD may be involved in assigning emotional value to 
sensory and associative information and directing 
responses to appropriate motor systems. Thus, in the 
preseilt study, rats with MD lesions may have been im­
paired at evaluating the predation risk of environments, 
or at evaluating the value of food items that were encoun­
tered when foraging. If so, rats with MD lesions would 
be expected to have made maladaptive behavioral 
responses during central-place foraging. 

The prefrontal cortex (PFC) receives strong afferent 
projections from the MD, and in turn the PFC sends a 
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strong efferent projection to the MD (Groenewegen, 1988; 
Krettek & Price, 1977; Leonard, 1969). The presence of 
these strong reciprocal connections has 1ed to speculation 
that the functions of these two structures may be similar. 
Behavioral evidence supporting this speculation comes 
from the observation that disruptions of the PFC and MD 
produce similar reductions in the hoarding behavior of 
rats (Kolb, 1974, 1977; Mogenson& Wu, 1988; Stamm, 
1953; Whishaw & Oddie, 1989). In the present experi­
ment, lesions of the MD produced a reduction in the food­
carrying behavior of rats. However, lesions of the MFC 
that included destruction of the PFC did not alter food­
carrying behavior. 

The observations that lesions of the PFC reduced hoard­
ing behavior (Kolb, 1974, 1977; Mogenson & Wu, 1988; 
Stamm, 1953; Whishaw & Oddie, 1989) but had no ef-

-
Figure 6. Diagrammatic represeotations of electrolytic lesiollS of 

tbe amygdala (AMY), sbown 00 coroaal sectioDS of the rat brain. 
Light shadiag iodieates the largest lesioo, and dark sbading 
represeots the smalJest lesioQ. Numbers represeot the distance 
posterior to bregma (0.0). Bar = 1 nun. ABL = basal lateral amyg­
dala; ABM = basal medial amygdaJa; AL = lateral amygdala: CC 
= corpus callosum; CPU = caudate putamen. 
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-Figure 7. Diagrammatic representatioDS or electrolytic lesioDS or 
the MFC, sbown on coronal sectioDS or the rat brain. Light shad­
ing indicates tbe largest lesion, and dark shading represents the 
smallest lesion. Numbers represent tbe distance anterior to bregma 
(0.0). Bar = 1 nun. CC = corpus callosum; CPU = caudate puta­
men; MFC = medial frontal cortex. 

feet on food-carrying behavior appear contrasting. How­
ever, these observations may be explained on the basis 
that hoarding behavior and central-place foraging food­
carrying behavior differ from a behavioral and ethological 
perspective (Covich, 1987). Food-hoarding behavior in 
laboratory rats consists of a rat' s exiting a cage onto a 
runway, securing a food item between its teeth, carrying 
it to some particular spot in the cage for deposit, and then 
repeating the act without consuming any of the food 
(Wolfe, 1939). It is the deferment of consumption of a 
food item that distinguishes hoarding from other types of 
foraging behavior (Vander Wall & Smith, 1987). The 
function of hoarding is to acquire a disproportionate share 
of an abundant short-lived resource (Clarkson, Eden, 
Sutherland, & Houston, 1986; Covich, 1987). Phelps and 
Roberts (1989, Experiment 2) found that item size dis­
sociated hoarding from central-place foraging. It was 

found that rats hoarded only the larger food items but car­
ried intermediate-sized items to the center for immediate 
consumption. The decision to store food during periods 
of increased abundance functions to reduce the risk of food 
deprivation over time and to protect these resources from 
consumption by others (Covieh, 1987). It also permits the 
animals to feed on these stored resources without risking 
exposure to predation. Central-place foraging food­
carrying behavior on the radial-arm maze consists of a 
rat' s running out onto an alley from the center of the maze, 
securing a food item between its teeth, and carrying it 
back to the center of the maze for immediate consump­
tion. The function of food-carrying behavior in central­
place foragers is to reduce the risk of predation. There­
fore, central-place foraging food-carrying behavior 
primarily differs from food hoarding in that there is no 
deferment of food consumption and that the risk of pre­
dation during the eating of food items is the factor that 
controls the decision to carry food iterns. Hence, it is pos­
sible that different neural mechanisrns rnay control central­
place foraging food-carrying behavior and food-hoarding 
behavior. 

A second reason for the lack of reduction in food­
carrying behavior observed after lesions of the PFC in 
the present experiment may be differences in lesion size 
and technique. For example, Whishaw and Oddie (1989) 
found that rats will tend to hoard only large food items 
and that aspiration of the MFC reduces this hoarding be­
havior. In the present investigation, MFC lesions were 
electrolytic, with some anirna1s having damage restricted 
to the prelimbic and infralimbic sectors of the PFC. Thus 
it is possible that only lesions of the entire medial frontal 
pole will affect central-place foraging food-carrying be­
havior. 

The function of food-carrying behavior in central-place 
foragers is to allow anirna1s to trade off foraging efficiency 
with predation risk (Lima, 1985; Lima & Valone, 1986; 
Lima et al., 1985). In the present experiment, it has been 
demonstrated that rats with lesions of the MD perform 
maladaptive behavioral responses when central-place 
foraging on a radial-arm maze. The reduction in food­
carrying behavior observed after MD lesions suggests that 
the anirna1s were no longer foraging in a manner that 
traded off energy intake with predation risk. Such be­
havior in the wild would expose the animal to a higher 
risk of predation, which in turn could lead to reduced 
fitness and even death. The present investigation, to 
our knowledge, is the first in which the neural basis of 
central-place foraging behavior has been examined. There 
are numerous recent ethological studies of adaptive forag­
ing behaviors by anirnals both in the wild and in the 
laboratory. Further investigations similar to the present 
study should begin to reveal the neural basis of foraging 
behavior. 
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