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Introduction

Humans and animals use spatial and temporal sources of 
information to organize their behavior (Gallistel 1990). 
Independent lines of research have developed investigating 
each source of information. This work has established sepa-
rate foundations for understanding the information process-
ing and neural systems that mediate performance within the 
spatial (Reep et al. 2004) and temporal (Buhusi and Meck 
2005) domains. Although these cognitive processes have 
typically been investigated in isolation, there is evidence to 
suggest that components of spatial and temporal processing 
may be interrelated. Specifically, central nervous system 
manipulations that influence processing within the ego-
centric, or body-centered, reference frame have also been 
shown to impact interval timing (i.e., processing within the 
seconds to minutes range). These observations provide evi-
dence that egocentric and temporal domains may share a 
common mechanism.

The lesion approach has demonstrated that a similar 
network of brain structures mediates the processing of 
both egocentric and temporal information. Work has estab-
lished a rodent model of directed attention that captures 
the behavioral deficits associated with hemispatial neglect 
(Reep et  al. 2004). Damaging the dorsocentral striatum 
(DCS) or its most highly associated cortical regions, the 
medial agranular cortex (AGm) and the posterior pari-
etal cortex (PPC) have been shown to severely disrupt 
responding in egocentric space (Kesner et  al. 1989; King 
and Corwin 1992). Rats with unilateral lesions of the DCS 
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exhibited significant decreases in responsiveness to stimuli 
(visual, auditory, and tactile) presented to the animal’s con-
tralesional side (Van Vleet et al. 2000, 2002) and disrupted 
performance in a visual choice reaction-time task (Brasted 
et al. 1997). Other work has shown that lesions of the dor-
sal striatum disrupt the processing of temporal information 
within the seconds-to-minutes range. For example, stri-
atal lesions disrupted regulated responding to two distinct 
temporal intervals in the peak procedure (Dallal and Meck 
1993; Meck 2006) and temporal bisection (Clarke and Ivry 
1997) tasks. These observations provide support for a com-
mon network of neural structures implicated in the process-
ing of spatial and temporal information. The current study 
presents an alternative behavioral assessment associated 
with attentional deficits following damage to this network 
of structures.

Other work has examined the neurotransmitters associ-
ated with these processes. Modification of dopaminergic 
(DA) neurotransmission has been shown to influence per-
formance on egocentric and temporal tasks. For example, 
acute administration of a DA agonist, apomorphine, has 
been shown to ameliorate the effects of neglect sympto-
mology following unilateral AGm (Corwin et  al. 1986) 
and PPC (Corwin et  al. 1996) damage. Interestingly, the 
observed behavioral recovery is dependent on an intact 
DCS (Van Vleet et al. 1999, 2003a). Further, manipulations 
of the DA system have been shown to shift an animal’s 
peak in responding on a peak-interval timing task (see 
Meck 1996). Specifically, DA agonists, like amphetamine, 
increase clock speed (resulting in earlier peak respond-
ing) while DA antagonists, like haloperidol, decrease clock 
speed (Meck 1983; Maricq and Church 1983; Buhusi and 
Meck 2002; Matell et  al. 2004). These studies establish a 
link between spatial and temporal processing that may rely 
on dopaminergic neurotransmission.

The above lines of evidence provide support for a con-
vergence in spatial and temporal processing; however, 
behavioral tasks developed to examine these processes 
are incapable of assessing both domains simultaneously. 
Analysis of the organization of food protection behavior 
can be used to dissociate spatial and temporal processing 
(Whishaw 1988; Whishaw and Tomie 1987, 1988; Wal-
lace et al. 2006). Successful protection of the food item is 
dependent on processing egocentric information (i.e., pro-
cessing information associated with the robber approach-
ing the dodger’s body). Both hemidecortication and unilat-
eral dopaminergic depletion have been shown to produce 
lateralized deficits in protecting the food item from theft 
(Whishaw and Tomie 1988). In addition to egocentric pro-
cessing, rats use temporal information to organize food pro-
tection behaviors. An approaching conspecific will prompt 
a dodger to elicit one of the two types of food protection 
behaviors. A dodge is defined as any attempt to escape the 

conspecific that involves making a large lateral movement 
away from the approaching conspecific (see Fig. 1). In con-
trast, a brace is associated with the dodger maintaining the 
food item in its forelimbs and attempting to escape by piv-
oting away from an approaching conspecific (see Fig.  2). 
A defining feature of a dodge is transfer of the food item 
from the forelimbs to the mouth and using the forelimbs to 
move through the environment (see Supplemental Fig. 1). 
The organization of these behaviors has been shown to be 
dependent on the dodger’s subjective estimate of time to 
consume the food item (Whishaw and Gorny 1994). Longer 
estimates are associated with an increased likelihood of 
eliciting dodging behaviors, whereas shorter estimates 
are associated with more bracing behaviors. The current 
study used these characteristics of food protection behavior 
to investigate the role of the DCS in spatial and temporal 
processing.

Experimental procedures

Animals

Twenty-two female (90-days old) Long-Evans rats obtained 
from the Northern Illinois University rodent colony served 
as subjects for the current study. Rats were pair-housed in 
plastic cages with the colony room temperature being main-
tained at 21 ± 2  °C and held on a 12  h light/dark cycle. 
Throughout the study, rats had full access to water, but food 
was restricted during behavioral testing to maintain them at 
85% of their free-feeding body weight.

Apparatus

The same apparatus was used for open field and food pro-
tection tasks. Rats were tested in a transparent Plexiglas 
cylinder measuring 45 cm high and 44 cm in diameter. The 
cylinder was located atop a table with a transparent top. A 
mirror was located beneath the transparent tabletop and 
positioned at an angle such that the rats were filmed from 
below (Pinel et al. 1992; Martin et al. 2008).

Surgery

Under aseptic conditions, rats were anesthetized with a 
mixture of isoflurane and oxygen. Using a scalpel, an inci-
sion was made to the scalp exposing the skull. A small hole 
was drilled in the skull at 0.5 mm anterior and 3.0 mm lat-
eral to bregma. The choice to use only right hemisphere 
lesions was predicated on previous work showing that while 
neglect is evident following unilateral lesions of both hemi-
spheres, the most robust contralateral hemispatial neglect 
tends to occur following right hemisphere lesions (King 
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Fig. 1  An example of a representative dodge food protection behav-
ior. A dodge involves escaping a conspecific by transferring the food 
pellet from the dodger’s forelimbs to its mouth and making a full 
body movement away from the approaching conspecific

Fig. 2  An example of a representative brace food protection behav-
ior. A brace involves escaping a conspecific by pivoting away from 
it. During a brace, the food item remains in the rat’s forelimbs for the 
duration of the behavior
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and Corwin 1992, 1993). Further, manifestations of neglect 
are most frequently associated with right hemisphere dam-
age in human stroke patients (Reep et al. 2004). A cannula 
was lowered 4.0 mm ventral to the dura for the DCS and 
vehicle groups. An infusion was then made using a pro-
grammable infusion pump (Stoelting) attached to a 1.0 µl 
26 gage Hamilton syringe. Rats in the lesion group (n = 8) 
received micro infusions (0.30 µl) of NMDA (7.5 μg/μL in 
Dulbecco’s phosphate buffered saline), administered at a 
rate of 0.20 μL/min. After each injection, the cannula was 
left in place for 2 min to ensure that none of the NMDA 
diffused up the needle tract. Vehicle rats (n = 10) received 
micro infusions of Dulbecco’s phosphate buffered saline 
without NMDA, using the same methodology. Rats were 
given a 14-day recovery period prior to behavioral testing.

Procedure

Following a 2-week recovery, rats were food restricted for 
approximately 7 days or until they were at 85% of their nor-
mal free-feeding weight. After this period, rats were first 
habituated to food items in their home cages. All animals 
(excluding robbers) were first run through one session 
of open field. Open field was used to assess rats for any 
motoric or motivational issues brought on by the surgery. 
For open field sessions, each rat was placed in the food 
protection apparatus and allowed to explore the open field 
for 20 min. No food item was administered for this session. 
The apparatus was cleaned between rats with a disinfectant 
solution. All testing sessions were recorded using a DVD-
recorder attached to a camera, positioned for viewing from 
below, for analysis of total distance traveled during each 
session.

Following open field, rats experienced 2 habituation 
days. Habituation consisted of a 20-minute session in 
which rats were allowed to explore the apparatus alone and 
were given food items (1 g banana flavored sucrose pellets, 
BioServ) via tongs. Following the last habituation day, rats 
began testing. Testing involved a once daily session con-
sisting of three trials. The first two trials began with the 
dodger receiving a food item via tongs in the presence of a 
conspecific (robber). If the robber succeeded in stealing the 
food item from the dodger, it was removed from the cylin-
der, the food item removed from its mouth and given back 
to the dodger and then placed back in the cylinder. A trial 
was considered to have ended upon complete consumption 
of the food item by the dodger. The third trial of the session 
consisted of the dodger being recorded consuming a food 
item in the cylinder without the presence of a conspecific. 
Testing continued for 5 days.

Analysis

The Ethovision motion tracking system (Noldus Informa-
tion Technology, Wageningen, Netherlands) was used to 
analyze total distance traveled and average speed of each 
animal during the open field session. For each food protec-
tion session, videos of each trial were scored manually by 
one researcher that was blind to rat conditions. To score 
each food protection trial, the total time it took the dodger 
to consume the food item for that trial was calculated and 
subsequently divided by five to result in five equal time 
samples (for example, if in a given food protection trial; 
it took a dodger 75 s to consume the food item, each food 
protection sample would be approximately 15 s in length). 
For each sample, each behavior (dodge, brace, and theft) 
was recorded during each food protection trial. For each 
behavior, the side of approach and the distance between 
the dodger and robbers’ noses was recorded. The distance 
between the noses was calculated using a series of concen-
tric circles. The width of each concentric circle is approxi-
mately 0.5  cm with a distance of 0 for the central circle. 
When determining distances, the central circle was placed 
on the dodger’s nose, and the distance between the dodger 
and robber was determined by the number of rings between 
the two noses. In addition, the proportion of each behav-
ior was recorded and averaged across each sample to deter-
mine when behavioral transitions occurred. Behavioral 
transitions occurred when the proportion of dodges within 
a given sample decreased below 50% of the total number of 
behaviors exhibited and the proportion of braces increased 
above 50%. The average sample that this occurred in across 
days was recorded for each rat. Finally, the peak speeds of 
five dodges and five braces were analyzed using the Peak 
Motus v. 8.5 (Vicon Motion Systems, Inc.) for each rat, as 
a means of measuring fine motor control. SPSS V22.0 was 
used for all statistical analysis. Significance level was set at 
0.05 for all analyses.

Histology

At the conclusion of behavioral testing, rats were deeply 
anesthetized and perfused with phosphate buffered saline 
followed by 4% paraformaldehyde. Brains were removed 
from the skull and stored in a 30% sucrose–formalin solu-
tion. Coronal sections were processed using an antibody 
against the neuronal marker NeuN (MAB377; Millipore). 
For this, a spaced series of sections through the rostro-
caudal extent of the striatum was incubated in a blocking 
solution of tris-buffered saline (TBS) containing 10% nor-
mal goat serum (NGS) and 0.1% Triton-X 100 (TX100) for 
1 h at room temperature. Sections were then incubated in a 
primary antibody solution containing a mouse monoclonal 
antibody against NeuN (1:500) in TBS with 5% NGS and 
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0.1% TX100 overnight at 4 °C. After overnight incubation 
with the primary antibody, the solution was removed and 
sections were washed with TBS. After washing, sections 
were incubated for 1  h at room temperature in a second-
ary antibody solution containing 5% NGS and 0.1% TX100 
as well as a goat anti-mouse secondary antibody with a 
fluorescent tag (AF488; 1:1000; ThermoFisher). After 
copious rinsing in TBS, sections were mounted on slides, 
air dried, and cover slipped with an aqueous medium con-
taining the nuclear label 4′, 6-diamidino-2-phenylindole 
(DAPI-Fluoromount; Southern Biotech). Slides were pho-
tomicrographed on a Leica DM 4500B fluorescent micro-
scope equipped with a Leica DFC340 digital camera or on 
a Leica TCS SPE laser confocal microscope to verify lesion 
location and extent.

Results

Histology

Lesions were considered successful if they were within the 
previously defined stereotaxic coordinates associated with 
the DCS. Specifically, the DCS is approximately 1  mm 
in diameter within the dorsal striatum, which is located 
roughly 0.5–1.5  mm below the external capsule and sits 
equidistant from the medial and lateral portions of the stria-
tum, located between AP 1.5 and −0.5 (Cheatwood et  al. 
2003; Reep and Corwin 1999, 2009). Affected areas were 
determined by lack of NeuN staining (neuronal marker) but 
clear labeling of DAPI (a nuclear marker).

Sections of a representative DCS lesion are shown co-
labeled with NeuN and DAPI in panel a of Fig.  3. Mini-
mum, average, and maximum lesion area extents for DCS 
lesions can be seen in Fig.  3. Minimum lesion extent for 
DCS lesions can be seen in case R65 in which the lesion 
extended from 3.0 ML to 3.8 ML and from −3.6 to −4.6 
DV (see panel b of Fig.  3). All lesions were centered 
between +1 AP and Bregma. DCS lesions on average 
were centered and 1.3 mm ventral to the corpus callosum, 
1.4 mm lateral to the lateral ventricle, and 1.4 mm medial 
to the external capsule. On average, lesions extended from 
2.4 to 3.5 ML and from 3.7 to 5.4 DV (see Fig. 3c). Max-
imum lesion extent for DCS lesions can be seen in panel 
d of Fig.  3 in which the lesion extended from 1.8ML to 
3.4ML and from 4.1 to 6.1 DV. No significant correlation 
was found between lesion area and dependent behavioral 
measures related to egocentric (r(8) = −0.620, p = 0.101) 
and temporal (r(8) = −0.542, p = 0.165) processing. The 
lack of a significant correlation justifies treating the lesion 
group as one homogeneous group to compare to the sham 
group.

Organization of food protection behavior

Unilateral DCS lesions produced lateralized deficits in the 
ability to protect the food item from theft. An ANOVA was 
conducted on total number of thefts by side of approach for 
sham and lesion conditions. The ANOVA failed to reveal 
a significant main effect of approach [F(1,16) = 0.098, 
p = 0.759, η2

p = 0.006] and group [F(1,16) = 1.991, 
p = 0.177, η2

p = 0.111]; however, the approach × group 
interaction was found to be significant [F(1,16) = 7.912, 
p = 0.013, η2

p = 0.331]. Post hoc analysis (HSD < 0.05) 
revealed that DCS rats experienced significantly more 
thefts (M = 2.87, SEM = 1.36) than sham rats (M = 0.3, 
SEM = 0.15) when the robber approached the rat from the 
left side (see panel a of Fig. 4).

Unilateral DCS lesions produced an increase in the 
distance between noses prior to initiating food protec-
tion behaviors. A mixed design ANOVA was conducted 
for average distances between the noses of the dodger 
and robber prior to initiating a food protection behavior. 
The ANOVA revealed a significant main effect of group 
[F(1,15) = 4.777, p = 0.045, η2

p = 0.242] but failed to 
reveal a significant main effect of side [F(1,15) = 0.654, 
p = 0.431, η2

p = 0.042], behavior [F(1,15) = 0.505, 
p = 0.488, η2

p = 0.033], a behavior × group interac-
tion [F(1,15) = 0.247, p = 0.626, η2

p = 0.016], a side of 
approach × group interaction [F(1,15) = 0.283, p = 0.602, 
η2

p = 0.019], a behavior × side of approach interaction 
[F(1,15) = 0.729, p = 0.407, η2

p = 0.046], or a behavior 
× side of approach × group interaction [F(1,15) = 2.556, 
p = 0.131, η2

p = 0.146]. DCS rats (M = 5.247  cm, 
SEM = 0.376) allowed for a longer distance between noses 
prior to initiating food protection behaviors relative to sham 
rats (M = 4.175  cm, SEM = 0.315; see panel b of Fig.  4). 
These differences were not lateralized and did not show 
enhanced responding to the intact side.

Unilateral DCS lesions delayed the transitioning 
between dodging and bracing food protection behaviors. 
An independent samples t test conducted on behavioral 
transitions revealed a significant difference between groups 
[t(16) = −2.476, p = 0.030, d = 1.12]. DCS rats (M = 4.5, 
SEM = 0.189) transitioned significantly later in samples 
than sham rats (M = 3.2, SEM = 0.489). This difference 
suggests that sham and DCS rats’ estimates of time signifi-
cantly differed during food protection sessions (see panel a 
of Fig. 5).

No group differences were observed in the kinematics 
associated with engaging in dodging or bracing behav-
iors. An ANOVA was conducted on peak speeds during 
food protection behaviors, with group (sham vs. lesion) 
as a between-subjects measure and behavior (dodge vs. 
brace) as a within-subjects measure. The ANOVA revealed 
a significant main effect of behavior [F(1,15) = 72.575, 
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p < 0.001, η2
partial = 0.829] but failed to reveal a significant 

effect of group [F(1,15) = 0.035, p = 0.854, η2
partial = 0.002] 

or a group × behavior interaction [F(1,15) = 3.814, 
p = 0.070, η2

partial = 0.203]. On average, the peak speeds 
for dodges (M = 62.3, SEM = 2.7) were higher than those 
for braces (M = 32.7, SEM = 2.5). Both sham and lesion 
animals were equally capable of engaging in dodging and 
bracing food protection behaviors (see Fig. 6).

Finally, as recovery of function has been observed 
in cases of neglect, it was relevant to   examine whether 

recovery of function occurred during testing. To exam-
ine this possibility, the ability of lesion rats to protect the 
food item was examined across days. The ANOVA con-
ducted failed to reveal a significant difference in number 
of thefts across days [F(1.196, 8.371) = 1.522, p = 0.257, 
η2partial = 0.179] or time to consume the food item in iso-
lation [F(4,28) = 1.566, p = 0.211, η2partial = 0.183]. These 
results suggest that impairments produced by unilateral 
DCS lesions persisted throughout testing.

Fig. 3  Histology and repre-
sentative minimum, average, 
and maximum lesion areas for 
DCS cases. Representative 
pictures of a DCS rat coronal 
section are shown stained with 
DAPI (top left panel; blue), 
NeuN (top right panel; green), 
and a combined image of the 
two channels (bottom panel). 
The lesion area is characterized 
by a lack of NeuN staining (a 
neuron marker; a). Minimum 
lesion area (b), average lesion 
area (c), and maximum lesion 
area (d) are depicted for DCS 
lesions at +0.96 mm AP, rela-
tive to Bregma (Paxinos and 
Watson 2005)



2703Brain Struct Funct (2017) 222:2697–2710 

1 3

Sensorimotor function, motivation, and social 
engagement

Unilateral DCS lesions did not influence measures of 
open field behavior. The independent samples t  test con-
ducted for total distance traveled failed to reveal a sig-
nificant group difference [t(16) = −0.728, p = 0.477, 
d = 0.347]. On average, sham rats traveled 1468.4  cm 
(SEM: 185.3), and DCS rats traveled 1662.4  cm (SEM: 
187.3) (see panel a of Fig. 7). The independent samples 
t test conducted for average speed also failed to reveal a 

significant group difference [t(16) = −0.740, p = 0.470, 
d = 0.338]. Sham rats’ peak speeds averaged 58.31  cm/s 
(SEM: 7.51), and DCS rats’ peak speeds averaged 70.68 
(SEM: 16.26) (see panel b of Fig. 7). These results sug-
gest that DCS lesions did not differentially affect the rats’ 
general locomotor ability to move throughout the testing 
apparatus.

No group differences were observed in dodgers’ time 
to consume the food item or the number of food protec-
tion behaviors they elicited. An ANOVA was conducted 
on average time to consume with group (sham vs. lesion) 
as a between-subjects measure and day (1, 2, 3, 4, and 5) 
as a within-subjects measure. The ANOVA failed to reveal 

Fig. 4  Spatial characteristics associated with food protection. The 
average number of thefts are plotted by side of approach for sham 
and DCS rats. DCS rats exhibited significantly more thefts (M = 2.87, 
SEM = 1.36) than sham rats (M = 0.3, SEM = 0.15) when the rob-
ber approached the animal from the left side (a). The average dis-
tance between the nose of the dodger and robber is plotted by side of 
approach for sham and DCS rats. No lateralization of responsiveness 
was observed although DCS (M = 5.247 cm, SEM = 0.376) rats exhib-
ited a longer distance between noses prior to initiating food protection 
behaviors relative to sham (M = 4.175 cm, SEM = 0.315) rats (b)

Fig. 5  Temporal characteristics associated with food protection. The 
number of dodges and braces are plotted for sham (a) and DCS (b) 
rats. The average sample in which behavioral transitions occurred is 
plotted for sham and DCS rats (c). DCS rats (M = 4.5, SEM = 0.189) 
transitioned significantly later than sham rats (M = 3.2, SEM = 0.489)
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a significant effect of group [F(1,16) = 1.114, p = 0.307, 
η2

p = 0.065], day [F(4,64) = 1.426, p = 0.236, η2
p = 0.082], 

or a group × day interaction [F(4,64) = 0.713, p = 0.586, 
η2

p = 0.043]. On average, sham rats spent 101.2  s (SEM: 
17.4) consuming the food item, while DCS rats spent 
125.3 s (SEM: 13.1) consuming the food item. Both sham 
and DCS rats were equally motivated to consume the food 
item (see panel c of Fig. 7).

In addition to examining the dodgers’ motivation to 
protect the food item, the robbers’ motivation to approach 
was assessed. The total number of food protection behav-
iors elicited by each group was used to measure the moti-
vation of the robber to pursue the food item. An ANOVA 
was conducted on the average number of behaviors with 
group (sham vs. lesion) as a Cand day (1, 2, 3, 4, and 5) 
as a within-subjects measure. The ANOVA failed to reveal 
a significant effect of group [F(1,16) = 1.393, p = 0.255, 
η2

p = 0.080], day [F(4,64) = 0.883, p = 0.479, η2
p = 0.052], 

or a group × day interaction [F(4,64) = 0.713, p = 0.586, 
η2

p = 0.043]. On average, sham rats exhibited 17.8 (SEM: 
1.977) food protection behaviors while DCS rats exhibited 
14.3 (SEM: 2.210) behaviors. Robbers were equally likely 
to approach a sham rat vs. a DCS rat, suggesting that they 
were sufficiently motivated to pursue the food item (see 
panel d of Fig. 7).

Discussion

The current study investigated the effects of unilateral 
NMDA dorsocentral striatum (DCS) lesions on spatial 
and temporal processing when engaging in food protec-
tion behaviors. Rats that received unilateral DCS lesions 
exhibited several disruptions in the organization of food 
protection behavior. First, DCS lesion rats exhibited an 
impaired ability to protect the food item from theft, specific 
to approaches from the left side. Next, longer distances 
between noses were observed at the initiation of food pro-
tection behaviors in DCS rats relative to sham rats. Finally, 
DCS rats exhibited transitions between food protection 
behaviors during later samples, compared to sham rats. In 
contrast, measures of sensorimotor function, motivation, 
and social engagement did not significantly differ between 
groups. This pattern of results provides evidence for a role 
of the DCS in mediating spatial and temporal processing. 
The following sections consider evidence that unilateral 
DCS lesions produce deficits in spatial and temporal pro-
cessing and that these deficits may reflect impaired atten-
tional processing.

Egocentric deficits

In the current study, unilateral lesions of the DCS were 
observed to produce a lateralized impairment in protect-
ing the food item from an approaching robber. These 
results are consistent with other studies demonstrating 
an impaired ability to respond to stimuli presented to the 
rats’ contralesional side following unilateral lesions of the 
DCS (VanVleet et  al. 2000, 2002, 2003a, b). The DCS is 
one component of a network of structures involved in pro-
cessing information for the egocentric reference frame. For 

Fig. 6  Kinematic analysis of food protection behaviors. No group 
differences were observed in peak speeds associated with eliciting 
either food protection behavior. Peak speeds were observed to be sig-
nificantly faster during dodging (M = 61.730 cm/s, SEM = 2.726) rela-
tive to bracing (M = 35.196, SEM = 2.508) food protection behaviors

Fig. 7  Measures of motivation and motoric ability. No differences 
were observed for total distance traveled (a) and average peak in 
speed (b) during open field, average time to consume the food item 
(c), or total number of food protection behaviors exhibited (d) sug-
gesting groups were equally motivated to explore the apparatus and to 
consume and protect the food item
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example, damage to the AGm (Corwin et al. 1986; VanV-
leet et al. 2002, 2003a, b) or PPC (Corwin et al. 1996; Bur-
cham et al. 1997; Corwin and Reep 1998; Reep and Corwin 
2009) disrupts performance in egocentric-based tasks. The 
DCS has been shown to have strong reciprocal connections 
with the AGm and PPC (Reep et  al. 1984, 1987, 2003; 
Reep and Corwin 1999; Cheatwood et  al. 2003, 2005) 
and is a potential convergence zone for the processing of 
egocentric information. Therefore, unilateral DCS lesions 
would disrupt egocentric information processing contralat-
eral to the damage.

Observing that the DCS lesions produced a lateralized 
deficit in responding to an approaching robber provides 
additional evidence for a role of the DCS in processing 
egocentric-spatial information; however, other explanations 
may account for these results.

Loss of fine motor coordination may have contributed to 
the lateralized deficits in food protection behavior observed 
in the present study. For example, DCS lesions may have 
damaged the connections between the dorsal striatum and 
the substantia nigra pars compacta (SNc), resulting in fine 
motor impairments. Previous work has shown that unilat-
eral nigrostriatal DA depletions (via 6-OHDA) produce lat-
eralized deficits in fine motor control and posture in skilled 
reaching tasks (Sabol et  al. 1985; Whishaw et  al. 1986, 
1997; Miklyaeva et al. 1994; Vergara-Aragon et al. 2003). 
These studies employed dopaminergic depletions that tar-
geted the entire striatum. Both anatomical and electrophysi-
ological studies have demonstrated that axons associated 
with motor function are localized in more lateral portions 
of the striatum (Glynn and Ahmad 2002; Cheatwood et al. 
2005). In addition, more selective dopaminergic depletions 
have demonstrated that lateral striatum (but not medial 
striatum) depletion was associated with loss of motor con-
trol (Sabol et al. 1985). Nevertheless, the analysis of lesion 
extent in the current study demonstrated that the lateral por-
tions of the striatum were spared in DCS lesion rats; how-
ever, it is possible that DCS lesions compromised the integ-
rity of the striatum as a whole and may have resulted in loss 
of motor control. Several lines of evidence discount this as 
a mediating factor. First, analysis of open field measures 
revealed equivalent total distances traveled and peaks in 
speed for sham and DCS lesion groups. Further, kinematic 
analysis of food protection behaviors failed to reveal signif-
icant group differences in the peak speeds observed during 
food protection behaviors between sham and DCS lesion 
rats. These lines of evidence suggest that the lateralized 
disruption in performance observed following unilateral 
DCS lesions is likely independent of impaired fine motor 
control; however, the nature of the measures employed may 
not be sensitive enough to detect subtle motor deficits. As 
such, future studies should consider implementing a fine 
motor control measure to examine this possibility.

Another possible explanation for lateralized deficits may 
reflect an enhanced responsiveness to ipsilateral approaches 
of the robber. For example, enhanced responding to ipsi-
lateral egocentric information (allesthesia/allokinesia) has 
been observed previously following unilateral damage to 
AGm, PPC, or axons connecting the two areas (Crowne 
and Pathria 1982; King and Corwin 1990, 1993; Burcham 
et al. 1997). In the current study, allesthesia or allokinesia 
would be characterized as a unilateral difference in the dis-
tance between noses at the start of a food protection behav-
ior. DCS rats did not exhibit lateralized differences in the 
distance between noses. The lack of enhanced responding 
to ipsilateral robber approaches is consistent with previous 
observations that lateralized spatial impairments associated 
with unilateral DCS lesions were not due to allesthesia or 
allokinesia (VanVleet et  al. 2000, 2002). The lateralized 
increase in thefts observed in DCS rats is consistent with a 
deficit in processing egocentric information; however, DCS 
lesions were also observed to disrupt other aspects of food 
protection behavior organization that may be related to pro-
cessing of temporal information.

Temporal deficits

Previous work has provided evidence that rats use temporal 
information to guide the transition from dodging to brac-
ing behaviors (Whishaw and Gorny 1994). The results of 
the present study are consistent with unilateral DCS lesions 
influencing temporal information processing. Specifically, 
sham rats typically transitioned from dodging to bracing 
behavior during the third sample; whereas, DCS rats transi-
tioned approximately during the fifth sample. Several lines 
of evidence suggest that this shift in the transition may 
reflect an altered sense of subjective time. Recent work has 
demonstrated that interval timing is dependent on an intact 
striatum. Excitotoxic lesions or dopaminergic depletions of 
the dorsal striatum have been shown to disrupt regulation 
of responding to distinct temporal durations during a peak-
interval procedure (Dallal and Meck 1993; Meck 2006) 
and a temporal bisection task (Clarke and Ivry 1997). This 
is further supported by recordings of the dorsal striatum 
in which it was revealed that a subset of neurons encode 
specific temporal durations (Matell et al. 2003; Chiba et al. 
2008). Striatal neurons were shown to exhibit gradual 
increases in firing up to the time a reward was expected. 
Therefore, unilateral DCS lesions would be expected to 
disrupt temporal information processing of specific dura-
tions (i.e., the rats’ subjective time to consume the food 
item) and subsequently affect the organization of food pro-
tection behaviors. Observing that DCS lesions produced a 
shift in the transition of food protection behaviors provides 
additional evidence for a role of the DCS in processing 
interval timing information. The neurotransmitter systems 
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associated with the DCS may provide further insight for the 
role of this structure in interval timing.

A substantial literature has developed, demonstrating 
a role for the dopaminergic (DA) system in interval tim-
ing (Meck 1983, 1996; Maricq and Church 1983; Buhusi 
and Meck 2002; Matell et  al. 2004; Wallace et  al. 2006). 
Dopamine appears to play a modulatory role in the effec-
tiveness of cortical and thalamic glutamatergic excitation 
of striatal spiny neurons. Pharmacological manipulations 
of dopamine have been shown to influence responding 
during interval timing tasks. Specifically, administration 
of indirect DA agonists, such as amphetamine, produces 
leftward shifts in responding during peak-interval tasks 
while administration of DA antagonists, like haloperidol, 
produces opposite effects (Meck 1983, 1996; Maricq and 
Church 1983; Buhusi and Meck 2002; see Matell et  al. 
2004). Manipulations of the dopaminergic system also have 
been shown to influence interval timing within the food 
protection paradigm (Wallace et  al. 2006). Acute admin-
istration of amphetamine was associated with increased 
dodging behavior and decreased bracing behavior while 
haloperidol was associated with the opposite effect. The 
pattern of behavioral results exhibited by DCS lesion rats 
is consistent with that of rats that received acute adminis-
tration of amphetamine. Rats that received unilateral DCS 
lesions exhibited more dodging behavior than bracing and 
transitioned between dodges and braces significantly later 
than sham rats suggesting that DCS rats had a slower per-
ceived rate of consumption and a longer estimate of the 
time to consume the food item compared to sham rats. 
Unilateral destruction of the DCS and its dopaminergic 
receptor populations may have resulted in a unilateral dis-
inhibition of DA and its modulation of glutamatergic exci-
tation of cortico-striatal neurons. This disinhibition could 
have resulted in a unilateral dysregulation of cortical and 
thalamic excitation, consistent with the stimulating effect 
of dopaminergic agonists like amphetamine. This interpre-
tation is supported by studies showing that DA depletion 
of the dorsal (Baunez and Robbins 1999) and dorsomedial 
striatum (Amalric et  al. 1995) significantly increase pre-
mature responding during reaction–time tasks. In addition, 
this interpretation provides support for the group difference 
observed in the current study regarding DCS rats’ tendency 
to initiate food protection behaviors significantly sooner 
than sham rats, an effect that also was observed in rats fol-
lowing acute administration of amphetamine (Wallace et al. 
2006). Unilateral DCS lesions were associated with differ-
ences in the organization of food protection behaviors and 
the responsiveness with which they elicited those behav-
iors. This is reflective of an augmented sense of subjective 
time. These differences may also be due to differences in 
allocating attentional resources.

Attentional deficits

Deficits in spatial and temporal information processing 
were inferred from the disruptions in organization of food 
protection behavior associated with DCS lesions. Atten-
tional processing may be mediating the effect of DCS 
lesions on temporal and egocentric processing. Models of 
interval timing posit attentional processes gate the accu-
mulation of pulse from the pacemaker stage (Meck and 
Benson 2002). Environmental stimuli can influence these 
attentional processes by stopping (Roberts 1981) or reset-
ting (Roberts et al. 1989) the accumulation of pulses. It is 
possible that unilateral DCS lesions disrupt attentional gat-
ing necessary for accurate accumulation of pulse values. 
Specifically, a dodger consuming a food item will use the 
rate of consumption (i.e., 1000  mg/60 s = 16.6  mg/s) to 
estimate the time remaining to finish consuming. The peri-
odic approaches from the robber requires an attentional 
shift in processing in which the accumulation of pulses 
stops during the food protection behavior and resumes 
with consumption of the food item. It is possible that DSC 
lesions disrupt this attentional shifting pulse accumula-
tion, and additional pulses accumulate, thereby slowing the 
subjective perceived rate of consumption (i.e., 1000 mg/75 
s = 13.3 mg/s) resulting in a longer estimate in time to con-
sume the food item. In the current study, rats with DCS 
lesions exhibited a delayed transition between food protec-
tion behaviors. These observations are consistent with a 
role for the DCS in mediating attentional resources neces-
sary for temporal processing.

The DCS may also mediate attentional resources neces-
sary for processing information from the egocentric refer-
ence frame. Manipulations of dopaminergic neurotransmis-
sion have been shown to influence attentional function in 
rodents (Brockel and Fowler 1995; Richards et  al. 1999; 
Chudasama and Robbins 2004; see Robbins 2002) and 
humans (Caldwell et  al. 1996; Ward et  al. 1997; Tucha 
et  al. 2006). Similar manipulations have been shown to 
enhance responding to the egocentric reference. For exam-
ple, administration of apomorphine attenuated multi-sen-
sory neglect associated with AGm (King and Corwin 1990) 
and PPC (Corwin et  al. 1996) damage. These effects of 
apomorphine on egocentric processing have been shown to 
depend on an intact DCS (Van Vleet et al. 2000). Further, 
administration of amphetamine has been shown to modify 
food protection behavior organization by increasing the 
distance between noses at the initiation of dodging behav-
ior (Wallace et  al. 2006). In the current study, unilateral 
DCS lesions produced a bilateral increase in the distance 
between noses at the initiation of food protection behaviors. 
Together, these observations provide indirect evidence for 
a role of dopaminergic neurotransmission within the DCS 
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mediating attentional resources that contribute to process-
ing egocentric information.

A network of cortical structures has been implicated in 
mediating attentional resources between temporal and ego-
centric information processing (Coull and Nobre 1998). 
The current study provides evidence that this network 
should be extended to subcortical structures. The DCS may 
play a role in mediating attentional resources between tem-
poral and egocentric processing to influence the organiza-
tion of food protection behaviors. Previous work examin-
ing the organization of food protection behavior was able 
to provide a double dissociation between the processing of 
temporal and egocentric information (Martin et  al. 2008). 
This work establishes a foundation for future research to 
investigate the interaction between allocation of attentional 
resources and processing both sources of information.

Other influences on food protection behavior

Although the processing of both spatial and temporal 
sources of information contributes to the organization of 
food protection behavior, this organization has been shown 
to be dependent on the functioning of other systems. Spe-
cifically, the ability to engage in food protection behaviors 
depends on motivational and social factors as well as gross 
motor function. To determine the degree with which group 
differences may have been mediated by a more general dis-
ruption in food protection behavior, several measures were 
used. First, the dodger has to be motivated to consume the 
food pellet, but striatal lesions may alter rats’ motivation 
to protect and consume the food item. Previous work has 
shown that bilateral striatal lesions do not alter responding 
for a food reward in a peak-ratio task (Eagle et  al. 1999). 
This finding parallels the results of the current study; 
groups did not differ in the amount of time required to con-
sume the food pellet in the absence of the robber. This is 
consistent with groups being equivalent in their motivation 
to consume the food pellet.

In addition, food protection behavior is dependent on 
certain social factors. Specifically, food protection behav-
iors are elicited as a result of the robber approaching the 
dodger, but DCS lesions may disrupt rats’ ability to interact 
socially with robbers. Other work has provided support for 
the striatum in the regulation of social play behaviors. Neo-
natal DA depletion of the striatum was shown to alter the 
sequential organization of play fighting (Pellis et al. 1993) 
while dorsomedial striatum inactivation through DNQX (an 
AMPA receptor antagonist) was associated with a trending 
increase in social play (van Kerkhof et al. 2013). While pre-
vious work has shown that damage to the striatum is asso-
ciated with changes in social interaction, the current study 
found no significant group differences in total number of 
behaviors exhibited. This suggests that both groups were 

equally motivated to protect the food item from the rob-
ber and that robbers were equally motivated to attempt to 
steal the food item from both groups of dodgers. The lack 
of group differences may reflect the unilateral nature of the 
lesion; the previously discussed work employed bilateral 
lesions of the dorsal striatum, which may have resulted in 
social interaction differences.

One last consideration is that the pattern of behav-
ioral results could be attributed to disruptions in deci-
sion-making associated with response-outcome (R-O) 
learning. Previous work has suggested that the posterior 
dorsomedial striatum (pDMS) may be a critical compo-
nent for this capacity (Balleine 2005; Yin et  al. 2005a, 
b). For example, pre- and post-training excitotoxic lesions 
of the pDMS or muscimol-induced inactivations of the 
structure were shown to reduce the sensitivity of instru-
mental performance associated with outcome devaluation 
and contingency degradation; however, these effects were 
not observed for anterior DMS (aDMS) lesions (Yin et al. 
2005b). As the lesions in the current study were confined 
to anterior portions of the DCS, it may not be the case that 
DCS lesions disrupted R-O learning. While it remains to be 
determined whether behaviors that require minimal train-
ing are influenced by the same principles associated with 
behaviors that require extensive training (i.e., instrumen-
tal conditioning), it is interesting to consider food protec-
tion behaviors (requiring minimal training) as a sequence 
of responses and outcomes. For example, a dodge is a 
response that involves a large lateral movement away from 
an approaching conspecific and the outcome is more unob-
structed time to consume the food item. Conversely, a brace 
is a response that is a relatively small lateral movement 
away from an approaching conspecific and the outcome is 
relatively less unobstructed time to consume the food item. 
Although the stimulus to elicit one of these responses is the 
same (the approaching conspecific), the decision to engage 
in a dodge or a brace is dependent on the rat’s subjective 
estimate of time to consume the food item. Therefore, it is 
possible that DCS lesions disrupt processes associated with 
eliciting responses consistent with the rat’s anticipated out-
come. Further work is needed to examine this possibility. 
Taken together, the above data provide several lines of evi-
dence that suggest group differences were not mediated by 
motivational or social factors; however, disruptions in deci-
sion making may have contributed to the current pattern of 
results.

Conclusion

The current study demonstrates that the DCS contributes to 
spatial and temporal information processing. This role may 
involve allocating attentional resources toward each source 
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of information. Rats that received unilateral lesions of the 
DCS exhibited lateralized deficits in the ability to protect 
the food item suggesting a spatial impairment in the ego-
centric reference frame. In addition, DCS rats exhibited 
behavioral transitions in much later food protection samples 
compared to sham rats. This suggests a differential process-
ing of interval timing between the groups. Specifically, the 
current study suggests that lesions of the DCS result in a 
leftward shift in the clock stage and a resulting increase in 
the rats’ perceived time to consume the food item.

The current study also demonstrates that food protection 
is a robust paradigm for investigating brain and behavior 
relationships. The examination of food protection offers 
several benefits over other behavioral tasks. First, it allows 
for the evaluation of multiple specialized processes whether 
or not they interact with one another or operate in paral-
lel. For example, the current study revealed that processes 
related to spatial and temporal information processing 
may operate in conjunction with one another. Second, the 
food protection behavior takes advantage of behaviors in 
which the rats will readily engage with minimal training. 
This translates into minimal training for each rat and limits 
exposure to the testing apparatus. Finally, given the com-
plex, multivariate nature of food protection (i.e., its spatial, 
temporal, and social factors), it makes for a robust task to 
develop models and novel therapies for disease pathologies 
associated with damage to spatial or temporal impairments.

Future work is needed to further investigate the func-
tional organization of the cortico-striatal-thalamic network 
of structures examined in the current study. This work 
could examine the role of pharmacological manipulations 
as a means of novel therapy for neglect recovery. In par-
ticular, infusions of a DA agonist into the DCS may pro-
vide additional insight into the role the DCS plays in 
neglect recovery. Of additional interest would be evaluat-
ing the role of the cortical structures associated with this 
network (AGm and PPC) in terms of their contributions to 
interval timing.

Acknowledgements We would like to thank Cara Wolf for her sig-
nificant contributions to data analysis, E. Dawn Grisley for her sig-
nificant contributions with the immunohistochemistry, and Timothy 
Heitter for animal care.

References

Amalric M, Moukhles H, Nieoullon A, Daszuta A (1995) Complex 
deficits on reaction time performance following bilateral intras-
triatal 6-OHDA infusion in the rat. Eur J Neurosci 7(5):972–980

Balleine BW (2005) Neural bases of food-seeking: affect, arousal 
and reward in corticostriatolimbic circuits. Physiol Behav 
86(5):717–730

Baunez C, Robbins TW (1999) Effects of dopamine depletion of 
the dorsal striatum and further interaction with subthalamic 

nucleus lesions in an attentional task in the rat. Neuroscience 
92(4):1343–1356

Brasted PJ, Humby T, Dunnett SB, Robbins TW (1997) Unilateral 
lesions of the dorsal striatum in rats disrupt responding in ego-
centric space. J Neurosci 17(22):8919–8926

Brockel BJ, Fowler SC (1995) Effects of chronic haloperidol on reac-
tion time and errors in a sustained attention task: partial reversal 
by anticholinergics and by amphetamine. J Pharmacol Exp Ther 
275(3):1090–1098

Buhusi CV, Meck WH (2002) Differential effects of methampheta-
mine and haloperidol on the control of an internal clock. Behav 
Neurosci 116(2):291

Buhusi CV, Meck WH (2005) What makes us tick? Functional 
and neural mechanisms of interval timing. Nat Rev Neurosci 
6(10):755–765

Burcham KJ, Corwin JV, Stoll ML, Reep RL (1997) Disconnection 
of medial agranular and posterior parietal cortex produces multi-
modal neglect in rats. Behav Brain Res 86(1):41–47

Caldwell Jr JA, Caldwell JL, Lewis JA, Jones HD, Reardon MJ (1996) 
An in-flight investigation of the efficacy of dextroampheta-
mine for the sustainment of helicopter pilot performance (No. 
USAARL-97-05). ARMY AEROMEDICAL RESEARCH LAB 
FORT RUCKER AL

Cheatwood JL, Reep RL, Corwin JV (2003) The associative striatum: 
cortical and thalamic projections to the dorsocentral striatum in 
rats. Brain Res 968(1):1–14

Cheatwood JL, Corwin JV, Reep RL (2005) Overlap and interdigita-
tion of cortical and thalamic afferents to dorsocentral striatum in 
the rat. Brain Res 1036(1):90–100

Chiba A, Oshio KI, Inase M (2008) Striatal neurons encoded tempo-
ral information in duration discrimination task. Exp Brain Res 
186(4):671–676

Chudasama Y, Robbins TW (2004) Dopaminergic modulation of 
visual attention and working memory in the rodent prefrontal 
cortex. Neuropsychopharmacology 29(9):1628–1636

Clarke SP, Ivry RB (1997) The effects of various motor system 
lesions on time perception in the rat. Abstr-Soc Neurosci 23:778

Corwin JV, Reep RL (1998) Rodent posterior parietal cortex as a 
component of a cortical network mediating directed spatial atten-
tion. Psychobiology 26(2):87–102

Corwin JV, Kanter S, Watson RT, Heilman KM, Valenstein E, Hashi-
moto A (1986) Apomorphine has a therapeutic effect on neglect 
produced by unilateral dorsomedial prefrontal cortex lesions in 
rats. Exp Neurol 94(3):683–698

Corwin JV, Burcham KJ, Hix GI (1996) Apomorphine produces an 
acute dose-dependent therapeutic effect on neglect produced 
by unilateral destruction of the posterior parietal cortex in rats. 
Behav Brain Res 79(1):41–49

Coull JT, Nobre AC (1998) Where and when to pay attention: the 
neural systems for directing attention to spatial locations and 
to time intervals as revealed by both PET and fMRI. J Neurosci 
18(18):7426–7435

Crowne DP, Pathria MN (1982) Some attentional effects of unilateral 
frontal lesions in the rat. Behav Brain Res 6(1):25–39

Dallal NL, Meck WH (1993) Depletion of Dopamine in the caudate 
nucleus but not destruction of vestibular inputs impairs short-
interval timing in rats. Abstr-Soc Neurosci 19:1583

Eagle DM, Humby T, Dunnett SB, Robbins TW (1999) Effects of 
regional striatal lesions on motor, motivational, and executive 
aspects of progressive-ratio performance in rats. Behav Neurosci 
113(4):718

Gallistel CR (1990) The organization of learning. The MIT Press, 
Cambridge

Glynn G, Ahmad S (2002) Three-dimensional electrophysiological 
topography of the rat corticostriatal system. J Comp Physiol A 
188(9):695–703



2709Brain Struct Funct (2017) 222:2697–2710 

1 3

Kesner RP, Farnsworth G, DiMattia BV (1989) Double dissociation 
of egocentric and allocentric space following medial prefrontal 
and parietal cortex lesions in the rat. Behav Neurosci 103(5):956

King V, Corwin JV (1990) Neglect following unilateral ablation of 
the caudal but not the rostral portion of medial agranular cortex 
of the rat and the therapeutic effect of apomorphine. Behav Brain 
Res 37(2):169–184

King R, Corwin JV (1992) Spatial deficits and hemispheric asym-
metries in the rat following unilateral and bilateral lesions of 
posterior parietal or medial agranular cortex. Behav Brain Res 
50(1):53–68

King VR, Corwin JV (1993) Comparisons of hemi-inattention pro-
duced by unilateral lesions of the posterior parietal cortex or 
medial agranular prefrontal cortex in rats: neglect, extinc-
tion, and the role of stimulus distance. Behav Brain Res 
54(2):117–131

Maricq AV, Church RM (1983) The differential effects of haloperidol 
and methamphetamine on time estimation in the rat. Psychophar-
macology (Berl) 79:10–15

Martin MM, Winter SS, Cheatwood JL, Carter LA, Jones JL, Weath-
ered SL, Wallace DG (2008) Organization of food protection 
behavior is differentially influenced by 192 IgG-saporin lesions 
of either the medial septum or the nucleus basalis magnocellula-
ris. Brain Res 1241:122–135

Matell MS, Meck WH, Nicolelis MA (2003) Interval timing and the 
encoding of signal duration by ensembles of cortical and striatal 
neurons. Behav Neurosci 117(4):760

Matell MS, King GR, Meck WH (2004) Differential modulation of 
clock speed by the administration of intermittent versus continu-
ous cocaine. Behav Neurosci 118(1):150

Meck WH (1983) Selective adjustment of the speed of internal clock 
and memory processes. J Exp Psychol Anim Behav Process 
9(2):171

Meck WH (1996) Neuropharmacology of timing and time perception. 
Cognitive Brain Research 3(3):227–242

Meck WH (2006) Neuroanatomical localization of an internal clock: a 
functional link between mesolimbic, nigrostriatal, and mesocor-
tical dopaminergic systems. Brain Res 1109(1):93–107

Meck WH, Benson AM (2002) Dissecting the brain’s internal clock: 
how frontal–striatal circuitry keeps time and shifts attention. 
Brain Cogn 48(1):195–211

Miklyaeva EI, Castañeda E, Whishaw IQ (1994) Skilled reaching def-
icits in unilateral dopamine-depleted rats: impairments in move-
ment and posture and compensatory adjustments. The Journal of 
Neuroscience 14(11):7148–7158

Paxinos G, Watson C (2005) The rat brain in stereotaxic coordinates. 
Elsevier Academic Press, Amsterdam

Pellis SM, Castañeda E, McKenna MM, Tran-Nguyen LT, Whishaw 
IQ (1993) The role of the striatum in organizing sequences of 
play fighting in neonatally dopamine-depleted rats. Neurosc Lett 
158(1): 13–15

Pinel JP, Jones CH, Whishaw IQ (1992) Behavior from the ground 
up: rat behavior from the ventral perspective. Psychobiology 
20(3):185–188

Reep RL, Corwin JV (1999) Topographic organization of the striatal 
and thalamic connections of rat medial agranular cortex. Brain 
Res 841(1):43–52

Reep RL, Corwin JV (2009) Posterior parietal cortex as part of a neu-
ral network for directed attention in rats. Neurobiol Learn Mem 
91(2):104–113

Reep RL, Corwin JV, Hashimoto A, Watson RT (1984) Afferent con-
nections of medial precentral cortex in the rat. Neurosci Lett 
44(3):247–252

Reep RL, Corwin JV, Hashimoto A, Watson RT (1987) Efferent con-
nections of the rostral portion of medial agranular cortex in rats. 
Brain Res Bull 19(2):203–221

Reep RL, Cheatwood JL, Corwin JV (2003) The associative striatum: 
organization of cortical projections to the dorsocentral striatum 
in rats. J Comp Neurol 467(3):271–292

Reep RL, Corwin JV, Cheatwood JL, Van Vleet TM, Heilman KM, 
Watson RT (2004) A rodent model for investigating the neuro-
biology of contralateral neglect. Cognit Behav Neurol 17(4), 
191–194

Richards JB, Sabol KE, de Wit H (1999) Effects of methamphetamine 
on the adjusting amount procedure, a model of impulsive behav-
ior in rats. Psychopharmacology (Berl) 146(4):432–439

Robbins T (2002) The 5-choice serial reaction time task: behavioural 
pharmacology and functional neurochemistry. Psychopharma-
cology (Berl) 163(3–4):362–380

Roberts S (1981) Isolation of an internal clock. J Exp Psychol Anim 
Behav Process 7(3):242

Roberts WA, Cheng K, Cohen JS (1989) Timing light and tone sig-
nals in pigeons. J Exp Psychol Anim Behav Process 15(1):23

Sabol KE, Neill DB, Wages SA, Church WH, Justice JB (1985) Dopa-
mine depletion in a striatal subregion disrupts performance of a 
skilled motor task in the rat. Brain Res 335(1):33–43

Tucha O, Mecklinger L, Laufkoetter R, Klein HE, Walitza S, Lange 
KW (2006) Methylphenidate-induced improvements of various 
measures of attention in adults with attention deficit hyperactiv-
ity disorder. J Neural Transm 113(10):1575–1592

Van Vleet TM, Corwin JV, Burcham KJ (1999) Infusion of apomor-
phine into the dorsal central striatum produces acute recovery 
from AGm-induced neglect in rats. Soc Neurosci Abstr 25:1896

Van Vleet TM, Burcham KJ, Corwin JV, Reep RL (2000) Unilateral 
destruction of the medial agranular cortical projection zone in 
the dorsocentral striatum produces severe neglect in rats. Psy-
chobiology 28(1):57–66

Van Vleet TM, Heldt SA, Guerrettaz KR, Corwin JV, Reep RL (2002) 
Unilateral destruction of the dorsocentral striatum in rats pro-
duces neglect but not extinction to bilateral simultaneous stimu-
lation. Behav Brain Res 136(2):375–387

Van Vleet TM, Heldt SA, Corwin JV, Reep RL (2003a) Infusion of 
apomorphine into the dorsocentral striatum produces acute drug-
induced recovery from neglect produced by unilateral medial 
agranular cortex lesions in rats. Behav Brain Res 143(2):147–157

Van Vleet TM, Heldt SA, Pyter B, Corwin JV, Reep RL (2003b) 
Effects of light deprivation on recovery from neglect and extinc-
tion induced by unilateral lesions of the medial agranular cortex 
and dorsocentral striatum. Behav Brain Res 138(2):165–178

Van Kerkhof LW, Damsteegt R, Trezza V, Voorn P, Vanderschuren 
LJ (2013) Social play behavior in adolescent rats is mediated by 
functional activity in medial prefrontal cortex and striatum. Neu-
ropsychopharmacology 38(10):1899–1909

Vergara-Aragon P, Gonzalez CL, Whishaw IQ (2003) A novel skilled-
reaching impairment in paw supination on the “good” side of 
the hemi-Parkinson rat improved with rehabilitation. J Neurosci 
23(2):579–586

Wallace DG, Wallace PS, Field E, Whishaw IQ (2006) Pharmacologi-
cal manipulations of food protection behavior in rats: evidence 
for dopaminergic contributions to time perception during a natu-
ral behavior. Brain Res 1112(1):213–221

Ward AS, Kelly TH, Foltin RW, Fischman MW (1997) Effects of 
d-amphetamine on task performance and social behavior of 
humans in a residential laboratory. Exp Clin Psychopharmacol 
5(2):130

Whishaw IQ (1988) Food wrenching and dodging: Use of action pat-
terns for the analysis of sensorimotor and social behavior in the 
rat. J Neurosci Methods 24(2):169–178

Whishaw IQ, Gorny BP (1994) Food wrenching and dodging: Eat-
ing time estimates influence dodge probability and amplitude. 
Aggress Behav 20(1):35–47



2710 Brain Struct Funct (2017) 222:2697–2710

1 3

Whishaw IQ, Tomie JA (1987) Food wresting and dodging: Strategies 
used by rats (Rattus norvegicus) for obtaining and protecting 
food from conspecifics. J Comp Psychol 101(2):202

Whishaw IQ, Tomie JA (1988) Food wrenching and dodging: A neu-
roethological test of cortical and dopaminergic contributions to 
sensorimotor behavior in the rat. Behav Neurosci 102(1):110

Whishaw IQ, O’Connor WT, Dunnett SB (1986) The contributions 
of motor cortex, nigrostriatal dopamine and caudate-putamen to 
skilled forelimb use in the rat. Brain 109(5):805–843

Whishaw IQ, Woodward NC, Miklyaeva E, Pellis SM (1997) Analysis 
of limb use by control rats and unilateral DA-depleted rats in the 

Montoya staircase test: movements, impairments and compensa-
tory strategies. Behav Brain Res 89(1):167–177

Yin HH, Knowlton BJ, Balleine BW (2005a) Blockade of NMDA 
receptors in the dorsomedial striatum prevents action–out-
come learning in instrumental conditioning. Eur J Neurosci 
22(2):505–512

Yin HH, Ostlund SB, Knowlton BJ, Balleine BW (2005b) The role 
of the dorsomedial striatum in instrumental conditioning. Eur J 
Neurosci 22(2):513–523


	Unilateral lesions of the dorsocentral striatum (DCS) disrupt spatial and temporal characteristics of food protection behavior
	Abstract 
	Introduction
	Experimental procedures
	Animals
	Apparatus
	Surgery
	Procedure
	Analysis
	Histology

	Results
	Histology
	Organization of food protection behavior
	Sensorimotor function, motivation, and social engagement

	Discussion
	Egocentric deficits
	Temporal deficits
	Attentional deficits
	Other influences on food protection behavior

	Conclusion
	Acknowledgements 
	References


