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a b s t r a c t

Both hemispheric bias and sex differences exist in striatal-mediated behaviors and pathologies. The extent
to which these dimorphisms can be attributed to an underlying neuroanatomical difference is unclear.
We therefore quantified neuron soma size and density in the dorsal striatum (CPu) as well as the core
(AcbC) and shell (AcbS) subregions of the nucleus accumbens to determine whether these anatomical
measurements differ by region, hemisphere, or sex in adult Sprague–Dawley rats. Neuron soma size
was larger in the CPu than the AcbC or AcbS. Neuron density was greatest in the AcbS, intermediate
in the AcbC, and least dense in the CPu. CPu neuron density was greater in the left in comparison to
the right hemisphere. No attribute was sexually dimorphic. These results provide the first evidence that
hemispheric bias in the striatum and striatal-mediated behaviors can be attributed to a lateralization in
neuronal density within the CPu. In contrast, sexual dimorphisms appear mediated by factors other than
gross anatomical differences.

© 2010 Elsevier Ireland Ltd. All rights reserved.

Lateralizations and sex differences in neural circuitry and behavior
occur across animal taxa and brain region. These brain dimorphisms
can take many forms, including but not limited to differences in
neuroanatomy, neurochemistry, and electrophysiology [37,3]. In
some model systems, these differences are dramatic and have
a fairly straightforward connection to behavior [39,34]. In other
areas, these differences may be more subtle, although no less
important. One of these regions is the mammalian striatum, includ-
ing the dorsal striatum (CPu) and the core and shell subregions of
the nucleus accumbens (AcbC and AcbS, respectively). Though clear
lateralizations [40,12,7,6,32,4,5,19] and sex differences [24,2,11]
exist in the striatum and striatal-related behaviors and pathologies,
whether this is reflected in striatal neuron morphology remains
largely unknown. Given that differences in neuronal soma size
and density have previously been found between hemispheres and
sexes in other brain regions, we decided to quantify these neu-
ronal attributes in the CPu, AcbC and AcbS of adult gonadectomized
male and female rats. Gonadectomized rats were used to avoid any
potential confounds induced by steroid sex hormones, which exert
activational effects on striatal neurons [2,23,14] beyond baseline
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sex differences [2,11]. We found that neuron soma size was larger
in the CPu than the AcbC or AcbS. Neuron density was greatest in the
AcbS, intermediate in the AcbC, and least dense in the CPu. While no
attribute was sexually dimorphic, one lateralization was detected:
neuron density in the CPu was greater in the left versus right hemi-
sphere. These results indicate that the different striatal regions can
be distinguished based upon neuron soma size and density, provide
an anatomic basis for previous findings regarding lateralization in
the striatum and striatal-mediated behavior, and that sex differ-
ences in striatal-mediated behaviors are driven by factors other
than neuron soma size and density.

1. Animals

The Institutional Animal Care and Use Committee at the Uni-
versity of Minnesota approved all procedures used in this study.
Four adult male and four adult female Sprague–Dawley rats were
purchased from Harlan Laboratories. Rats were gonadectomized
on day 60 of life at Harlan Laboratories. The absence of gonads was
verified post-mortem. Food and water were available ad libitum,
and animals were maintained on a 14-h light, 10-h dark cycle in a
climate controlled colony.

2. Brain histology

On day 75 of life, animals were deeply anesthetized using pen-
tobarbital (200 mg/kg, i.p.) and perfused transcardially with saline
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until liver clearance, and then with 300 ml of 4% paraformalde-
hyde over 12 min. The anticoagulant heparin (0.5 ml of 1000 UPS
units/ml) was injected into the left ventricle prior to perfusion.
Brains were post-fixed overnight in 4% paraformaldehyde at 4 ◦C,
cryoprotected in 30% sucrose solution in 0.1 M phosphate-buffered
saline (PBS), and then sectioned coronally (50 �m) on a freez-
ing microtome. The right hemisphere of each brain was nicked
to distinguish hemispheres. Every other section was mounted
onto slides, stained with cresyl violet, and imaged using a Leica
DM4000B light microscope coupled to a Leica DFC500 digital
camera. The cresyl violet stain was used to provide continuity
with previous studies, because the stain effectively distinguishes
between neurons and glia (discussed further below), and because
other laboratories have found no difference in the morphology
of D1 and D2 expressing medium spiny neurons [33]. Given the
distribution of soma sizes measured by this study and the prepon-
derance of medium spiny neurons in the striatum [35,10], the vast
majority of the neurons measured in this study were medium spiny
neurons.

3. Morphometry

Morphometric methods were adapted from previous studies
[21,27,36,38], and followed the principles of unbiased stereology
[30]. Neuronal density and soma size were measured in both hemi-
spheres and along the rostral-caudal axis of the CPu, AcbC and
AcbS. Neuron density was measured using protocols adapted from
previous studies [38], including those that analyzed striatal tissue
[27,36]. Briefly, following previous analyses [27], a large count-
ing box (199 �m × 149 �m) was placed within the CPu, AcbC or
AcbS in a systemic and random manner. A large box was used to
minimize sampling variance by ensuring equal sampling of both
patch and matrix. Patch and matrix medium spiny neurons have
similar morphology and intrinsic membrane properties [17,18].
At least two of these large fields were counted in each hemi-
sphere, and at least 200 neurons were counted per hemisphere
per region. Neuronal nucleoli were used as the unit of count to
obtain estimates of neuron density that were unbiased by soma
size or shape. Nucleoli that were bisected by either the left bound-
ary or the upper boundary of the counting frame were counted,
whereas those that were bisected by the right boundary or the
lower boundary were not counted. Along the z-axis, nucleoi were
counted if they were bisected by the upper boundary but not the
lower. To account for sectioning artifacts at the tissue edge (e.g.,
lost nucleolus caps), nucleoli in the top and bottom 3 �m of the
section were not included in any count. The size of neuronal nucle-
oli did not differ between groups, so it is unlikely that splitting
errors introduced asymmetric bias to our data [29,15]. Density was
calculated by dividing neuron count by the volume of the tissue
sampled and averaging across sampling boxes. The reliability of our
neuron density measurements was assessed by having an experi-
menter blindly re-measure neuron density in multiple fields across
subjects. Neurons were distinguished from glia by the clear pres-
ence of a nucleolus, a well-defined nuclear envelope, nongranular
cytoplasm, and/or an obvious axon hillock, as in previous stud-
ies [21,38,20,28]. Measurements were made blind to treatment
group.

Methods for measuring neuron size were adapted from previous
studies [21,36,38]. Neuron size was measured using the cross-
sectional area of the soma. A minimum of 100 neurons per region
were measured, and this sample size was sufficient to encompass
the entire range of variability in striatum soma area. Neurons were
distinguished from glia as described above, and all measurements
were made blind to treatment group.

4. Statistics

We used a one-way (two-tailed) ANOVA and Tukey’s post hoc
tests to make comparisons between brain regions, and two-way
repeated measures ANOVA and Tukey’s post hoc tests to make
comparisons between sex and hemisphere within a brain region.
Software used was Prism 4.03 (Graphpad, La Jolla, CA) and Sig-
maStat 3.00 (SPSS, Chicago, IL). Probability values less than 0.05
were considered a priori as significant. Data are presented as
mean ± SEM.

5. Results

We first compared neuron soma size and density across stri-
atal regions independently of sex or hemisphere using a one-way
ANOVA with Tukey’s post hoc test. We found that neuron soma
size was larger in the CPu compared to the AcbC or AcbS (Fig. 1A;
p < 0.0001 for both; F2,21 = 36.70), and did not differ between the
AcbC or AcbS (p > 0.05). Neuron density likewise varied across stri-
atal regions. Neurons were denser in the AcbS compared to both the
CPu and the AcbC (Fig. 1B; p < 0.001 for both; F2,21 = 59.84), and in
the AcbC compared to the CPu (p < 0.001). These data indicate that
different striatal regions can be distinguished based upon neuron
size and density.

After determining that neuron soma size and density differed
between the CPu, AcbC and AcbS, we compared these measures
between hemisphere and sex in each striatal region using two-
way repeated measures ANOVAs (Table 1). We found no differences
in neuron soma size between sex, hemisphere, or the interaction
between sex and hemisphere in the CPu (Fig. 2A), AcbC (Fig. 2B)
and AcbS (Fig. 2C).

A difference was detected, however, in neuron density. Neuron
density was lateralized in the CPu, with neurons being denser in
the left hemisphere than the right (Fig. 3A, p < 0.05; F = 7.152). No
differences in neuron density were found between hemispheres in
the AcbC (Fig. 3B) or the AcbS (Fig. 3C). We also found no differ-
ences in neuron density between sex or the interaction between

Fig. 1. Neuron soma size and density differed between the CPu, AcbC and AcbS. (A)
Neuron soma size was significantly increased in the CPu compared to the AcbC and
AcbS (p < 0.0001 for both). (B) Neurons were denser in the AcbS compared to both
the CPu and the AcbC (p < 0.001 for both), and in the AcbC compared to the CPu
(p < 0.001).
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Fig. 2. Neuron soma size did not differ by sex or hemisphere. For all subpanels: Left:
Neuron soma size compared by sex. Middle: Neuron soma size compared between
hemispheres in males. Right: Neuron soma size compared between hemispheres in
females. (A) CPu, (B) AcbC, and (C) AcbS. For all comparisons p > 0.05.

hemisphere and sex in the CPu (Fig. 3A), AcbC (Fig. 3B; p > 0.05) and
AcbS (Fig. 3C).

6. Discussion

This study measured neuron soma size and density in three dif-
ferent regions of the striatum, the CPu, AcbC and AcbS, and then
analyzed whether these neural attributes differed between sex and
hemisphere. No differences in neuron size were detected between
sex and hemisphere, while neuron density was mildly lateralized
in the CPu but otherwise did not vary by sex or hemisphere. Here
we first discuss these data with regards to differences between
striatal regions, then with regards to sex, and then hemispheric
lateralization.

Neuron soma size and density varied by striatal region, with
neuron soma size increased in the CPu compared to the AcbC and
AcbS, and neuron density being greatest in the AcbS, intermediate
in the AcbC, and least in the CPu. These findings are similar to those
of a previous morphometric study of neuron morphology in the

Fig. 3. Neuron density was lateralized in the CPu but otherwise did not vary by sex
or hemisphere. For all subpanels: Left: Neuron density compared by sex. Middle:
Neuron density compared between hemispheres in males. Right: Neuron density
compared between hemispheres in females. (A) CPu. Neurons were significantly
denser in the left hemisphere compared to the right in both males and females
(p = 0.037). (B) AcbC. (C) AcbS. Except for that noted above, for all comparisons
p > 0.05.

nucleus accumbens, which found that the soma size of medium
spiny neurons do not differ between the AcbC and the AcbS, but
that neurons in the AcbC have greater dendritic lengths than those
in the AcbS [22].

Dendritic length in AcbS and AcbC medium spiny neurons is not
sexually dimorphic [11], though previous reports have identified
sex differences in striatal neuron spine density [11], neurochem-
istry [24,2], gene expression [8], and responsiveness to steroid
sex hormones [2,23]. All of these are relevant to the clear sex
differences in striatal-mediated behaviors and pathologies [2]. In
this study, neuron density and soma size were measured because
these cellular attributes can dramatically differ between sexes
[25,1,9]. No differences in neuron density or soma size between
sexes were detected, however, indicating that sex differences
in striatal function and behavior are mediated through other
mechanisms.

Regarding lateralization, we initially included an analysis of
lateralization in this study because lateralized sex differences in
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Table 1
Measurements and statistics.

CPu AcbC AcbS

Global
Neuron soma size 81 ± 1a 74 ± 1b 72 ± 1b

Statistics F2,23 = 36.7; p < 0.0001 F2,23 = 36.7; p < 0.0001 F2,23 = 36.7; p < 0.0001
Neuron density 110 ± 6a 154 ± 8b 220 ± 7c

Statistics F2,23 = 59.8; p < 0.0001 F2,23 = 59.8; p < 0.0001 F2,23 = 59.8; p < 0.0001
Sex

Neuron soma size M: 82 ± 1; F: 80 ± 2 M: 74 ± 1; F: 73 ± 1 M: 71 ± 1; F: 72 ± 1
Statistics F1,15 = 0.554; p = 0.485 F1,15 = 0.0393; p = 0.849 F1,15 = 0.656; p = 0.449
Neuron density M: 119 ± 11; F: 102 ± 4 M: 147 ± 6; F: 160 ± 16 M: 210 ± 6; F: 231 ± 10
Statistics F1,15 = 2.465; p = 0.167 F1,15 = 0.575; p = 0.477 F1,15 = 3.923; p = 0.095

Hemisphere
Neuron soma size L: 83 ± 2; R: 80 ± 1 L: 73 ± 1; R: 74 ± 1 L: 72 ± 1; R: 72 ± 1
Statistics F1,15 = 0.947; p = 0.368 F1,15 = 4.410; p = 0.080 F1,15 = 0.052; p = 0.827
Neuron density L: 115 ± 7; R: 106 ± 6 L: 149 ± 8; R: 158 ± 10 L: 222 ± 10; R: 215 ± 8
Statistics F1,15 = 7.152; p = 0.037 F1,15 = 0.958; p = 0.366 F1,15 = 0.771; p = 0.414

Sex × hemisphere
Neuron soma size ML: 85 ± 2; MR: 79 ± 2;

FL: 80 ± 2; FR: 80 ± 2
ML: 74 ± 1; MR: 74 ± 1;
FL: 72 ± 1; FR: 74 ± 1

ML: 71 ± 2; MR: 71 ± 1;
FL: 72 ± 1; FR: 72 ± 1

Statistics F1,15 = 3.105; p = 0.129 F1,15 = 3.384; p = 0.115 F1,15 = 0.060; p = 0.815
Neuron density ML: 124 ± 13; MR:

114 ± 9; FL: 106 ± 5;
FR: 98 ± 4

ML: 143 ± 13; MR:
151 ± 3; FL: 155 ± 12;
FR: 165 ± 21

ML: 214 ± 12; MR:
196 ± 6; FL: 229 ± 16;
FR: 233 ± 5

Statistics F1,15 = 0.003; p = 0.957 F1,15 = 0.010; p = 0.925 F1,15 = 1.875; p = 0.220

Neuron soma size is presented in �m2. Neuron density is presented in neurons/mm3 × 103. A one-way ANOVA was used to compare values of neuron soma size and density
across brain regions (“Global” row). In the Global section, different superscript letters denote significant differences across rows as determined by post hoc tests. A two-way
repeated measured ANOVA was used to test the contributions of sex, hemisphere, and the interaction of sex and hemisphere to neuron size and density for each specific
striatal region. Bold text indicates a significant finding. Abbreviations: M, male; F, female; L, left; R, right.

dopamine levels have been reported in the striatum [26], and
because other brain regions exhibit lateralized sexual dimorphisms
in neuron size and regional volume [9]. In the rat striatum, how-
ever, no interactions between hemisphere and sex were detected
(Table 1). This study did find that neuron density was lateral-
ized in the CPu of both males and females, with neurons being
denser in the left hemisphere than the right. This finding is con-
sistent with earlier literature, which found that the majority of
Sprague–Dawley rats show a right-sided bias in multiple behav-
ioral tasks and assays [12,7,6], which is reflected by a number of
lateralizations in the striatum that favor the left hemisphere. These
include increased expression of dynorphin, GAD, and NR2A mRNA
measured using hybridization histochemistry [4,5], and higher D2
dopamine receptor binding [31]. The increased number of neurons
in the left hemisphere potentially accounts for these previous find-
ings. Other measured lateralizations, however, cannot be explained
by differences in striatal neuron density, including hemispheric dif-
ferences in dopamine levels [40], adenylyl cyclase activity [16] and
sensitivity to self-stimulation [13]. We thus speculate that pro-
jections into the striatum, particularly dopaminergic projections,
might also exhibit lateralizations.

We conclude by noting that differences were detected in neuron
soma size and density between striatal regions and brain hemi-
spheres, but not between sexes. We found that neuron density was
increased in the left hemisphere than the right, which is consis-
tent with previous studies of striatal lateralization. We found no
differences between males and females.
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