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EURON NUMBER DECREASES IN THE RAT VENTRAL, BUT NOT
ORSAL, MEDIAL PREFRONTAL CORTEX BETWEEN

DOLESCENCE AND ADULTHOOD
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bstract—Neuroimaging studies have established that there
re losses in the volume of gray matter in certain cortical
egions between adolescence and adulthood, with changes
n the prefrontal cortex being particularly dramatic. Previous
ork from our laboratory has demonstrated that cell death
an occur as late as the fourth postnatal week in the rat
erebral cortex. The present study examined the possibility
hat neuronal loss may occur between adolescence and
dulthood in the rat prefrontal cortex. Rats of both sexes
ere examined during adolescence (at day 35) and young
dulthood (at day 90). The volume, neuronal number, and
lial number of the medial prefrontal cortex (mPFC) were
uantified using unbiased stereological techniques. Neurons
ere lost from the ventral, but not dorsal, mPFC between
dolescence and adulthood, suggesting a late wave of apo-
tosis that was region-specific. This was accompanied by a
ecrease in the volume of the female ventral mPFC. In con-
rast to neuron number, the number of glial cells was stable
n the ventral mPFC and increased between adolescence and
dulthood in the dorsal mPFC. Sex-specific developmental
hanges in neuron number, glial number, and volume re-
ulted in sex differences in adults that were not seen during
dolescence. The loss of neurons at this time may make the
eri-adolescent prefrontal cortex particularly susceptible to
he influence of environmental factors. © 2006 IBRO. Pub-
ished by Elsevier Ltd. All rights reserved.

ey words: sex differences, anterior cingulate, white matter,
evelopment, cortical volume.

dolescence is a time of increased risk for depression,
nxiety, schizophrenia, and drug abuse (Spear, 2000;
teinberg, 2005). The prefrontal cortex has been impli-
ated, directly or indirectly, in each of these conditions, but
ittle is known regarding the relevant changes occurring in
he adolescent prefrontal cortex, especially at the cellular

Correspondence to: J. M. Juraska, Department of Psychology, Univer-
ity of Illinois at Urbana–Champaign, 603 East Daniel Street, Champaign,
L 61820, USA. Tel: �1-217-333-8546; fax: �1-217-244-5876.
-mail address: jjuraska@uiuc.edu (J. M. Juraska).
bbreviations: ACd, dorsal anterior cingulate cortex; ACv, ventral an-

erior cingulate cortex; CE, coefficient of error; Fr2, frontal cortex, area
o
; IL, infralimbic cortex; mPFC, medial prefrontal cortex; PL, prelimbic
ortex; PrCm, medial precentral cortex.

306-4522/07$30.00�0.00 © 2006 IBRO. Published by Elsevier Ltd. All rights reser
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evel. Recent magnetic resonance imaging studies of the
dolescent human brain have shown decreases in the
olume of gray matter of some cortical regions, including
rontal, between early adolescence and young adulthood.
aturational changes in the human cortex are non-linear,

egion-specific, and often differ between males and fe-
ales (Jernigan et al., 1991; Giedd et al., 1996, 1997,
999; De Bellis et al., 2001). Differences between the
dolescent and adult brain are greatest in the frontal cortex
Sowell et al., 1999, 2001b), where gray matter volume
ncreases until around adolescence and then decreases
etween adolescence and young adulthood (Jernigan et
l., 1991; Pfefferbaum et al., 1994; Giedd et al., 1999;
owell et al., 1999; Shaw et al., 2006). These volumetric
hanges can be correlated with intelligence tests and cog-
itive development, most notably on tasks that rely on the
refrontal cortex (Casey et al., 2000; Sowell et al., 2001a,
004; Shaw et al., 2006).

The cellular bases for late decreases in cortical volume
re unknown and for technical reasons are difficult to
etermine in humans. Some investigators have found ev-

dence for changes in synaptic density in the peri-adoles-
ent primate cortex which may accompany the observed
olumetric changes (Huttenlocher, 1979; Bourgeois et al.,
994; Anderson et al., 1995). Another intriguing possibility

s suggested by our previous work in rats: the neuronal
oss in the cortex which takes place relatively late in de-
elopment (Nunez et al., 2001, 2002). Loss of neurons
ould contribute to the observed changes in both synaptic
ensity and cortical volume.

Prior work from our laboratory has shown that a small
ise in cell death in the visual cortex occurs at day 25 which
s especially notable in females (Nunez et al., 2001). This
nding indicates that cortical neuron number continues to
e modified relatively late in development. It also appears
o contribute to the 20% lower number of neurons found in
dult female rats (compared with males) in the visual cor-
ex (Reid and Juraska, 1992), because removal of the
varies (but not testes) as late as postnatal day 20 results

n equal numbers of neurons in both sexes in adulthood
Nunez et al., 2002). It is unknown whether the late occur-
ing loss of cells that plays a role in the formation of sex
ifferences in neuron number may also occur in non-sen-
ory cortical association areas, such as the medial prefron-
al cortex (mPFC).

The present study was designed to investigate poten-
ial neuron number changes between adolescence and
dulthood in the rat mPFC. If late changes in cell number

ccur in the mPFC, this could provide a potential cellular

ved.
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echanism underlying changes in cortical volume in hu-
ans. Additionally, the potential contribution of late

hanges in neuron number to the development of sex
ifferences in this region would be elucidated. Neuron
umber was quantified in dorsal and ventral divisions of
he mPFC separately because of the regional differences
n both afferent and efferent connections (e.g. Neafsey et
l., 1993; Uylings et al., 2003), as well as behavioral func-
ions (see Ragozzino et al., 2002; Kesner and Ragozzino,
003).

EXPERIMENTAL PROCEDURES

ubjects

ubjects were Long-Evans hooded rats, descended from Simon-
en Laboratory (Gilroy, CA, USA) stock and bred in the vivarium
f the Department of Psychology at the University of Illinois. Pups
ere weaned at day 25, same-sex and litter-mate pair-housed,
nd handled once weekly thereafter until the time of kill. Food and
ater were available ad libitum; animals were maintained on a
2-h light/dark cycle with the lights on at 07:00 h. Subjects were
xamined at day 35 (peri-adolescent; females n�9, males n�9) or
ay 90 (young adulthood; females n�9, males n�11). All proce-
ures were approved by the University of Illinois Institutional An-

mal Care and Use Committee. The experiment conformed to U.S.
ational Institutes of Health guidelines on the ethical use of ani-
als, and efforts were made to minimize the number of animals
sed and their suffering.
ig. 1. Coronal sections through the mPFC showing parcellated borders (A, B)
M that is medial to the dashed line was considered corpus callosum (CC).
istology

ll rats were deeply anesthetized with sodium pentobarbital
2 mg/kg of a 65 mg/ml solution), and intracardially perfused with
inger’s wash (20 s) followed by a solution of 4% paraformalde-
yde in 0.1 M phosphate buffer. Brains were removed and stored

n a solution of 4% paraformaldehyde in 0.1 M phosphate buffer
or one week, followed by cryoprotection in fixative solution with
0% sucrose added. On the first day after sinking in solution,
rains were coronally sectioned at 60 �m using a freezing mic-
otome. Every fourth section was collected and placed in 0.1 M
hosphate buffer. Free-floating sections were immediately
ounted on gelatinized slides, allowed to dry, and then stained
ith Methylene Blue/Azure II.

olume estimation

orsal mPFC (anterior cingulate cortex, both dorsal and ventral
egions (ACd and ACv)) and ventral mPFC (prelimbic (PL) and
nfralimbic (IL)) regions were parcellated according to cytoarchi-
ectonic criteria (Krettek and Price, 1977; Van Eden and Uylings,
985a) at 31.25� using a camera lucida (frontal cortex, area 2
Fr2) or medial precentral cortex (PrCm) was not included) (Figs.

and 2). The border between IL and PL cortical areas is made
rincipally on the basis of the transition between layers I–III; the
ost superficial cells in layer II of IL extend into layer I whereas

he boundary between layers I and II in PL is much more distinct.
ayers II–V of IL consist of much more evenly distributed, ovoid-
haped cells, and the lamination pattern is much less defined in
his region. Additionally layer II cells are more densely packed in
L as compared with IL. The border between PL and ACd is
arked by a broadening of layer V and an increase in the density
. Frontal cortical white matter (WM) is also shown. In B, the portion of
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f layer III cells in the ACd as compared with the PL. A thin,
ell-poor lamina between PL layers III and V may be observed in
ections from some animals, and near the border between PL and
Cd this disappears. The border between ACd and PrCm (Fr2) is
arked by a thin, cell poor band between VIa and VIb in PrCm;

ayers V and VI of the ACd do not contain sublayers. This char-
cteristic was often more noticeable on anterior sections, whereas
n posterior sections the thickening of layer II and the thinning of

ayer I in PrCm tended to be the more noticeable cytoarchitectonic
ifferences between the two regions. ACv is distinguished from
Cd by the blending of (lack of a clear border between) layers II/III
nd V/VI. The border is drawn where the first distinct lamination
attern is observed. The posterior boundary of the dorsal mPFC is
arked by a much denser layer II and a layer III which is clearly
istinguishable from both layers II and V.

Parcellation for the entire study was conducted for groups of
itter-matched animals by a single experimenter who was blind to
he animal’s condition. At regular intervals throughout the study,
nimals were selected at random for re-parcellation (without the
id of previous drawings), and areas of the parcellated regions
ere recalculated to confirm the consistency of the experimenter’s

udgment of cytoarchitectonic borders. Consistency of area mea-
urements within 5% between parcellation drawings for a given
nimal (which were conducted weeks or months apart) was rou-
inely demonstrated.

Cortical layer I was excluded from analysis due to its variabil-
ty in thickness and paucity of neuronal soma. Layers II/III and V/VI
ere measured separately (all rat mPFC areas are agranular; i.e.
ithout layer IV). Prefrontal cortical areas and frontal white matter
olume were parcellated on each section on the slide containing
hem both (every 4th section had been mounted on the slide) until
he first section in which the genu of the corpus callosum ap-
eared. Beginning with the appearance of the genu, parcellation
ccurred on every 3rd section appearing on the slide (because
nly two mPFC areas appear on these sections, ACd and ACv).
o conform to the stereological rule of systematic random sam-
ling, a skipping interval was randomly assigned (0, 1, or 2 sec-

ig. 2. Volume, neuron number, and glial cell number were estimated
onsisting of areas PL and IL. Division between dorsal and ventral reg
lso estimated from the same sections.
ions on the slide were skipped) immediately after the first section q
ontaining the genu, and thereafter every third section was par-
ellated. This resulted in parcellation of both hemispheres in eight
o 11 sections per animal. The volume of each mPFC region was
stimated by scanning the camera lucida tracings of the parcel-

ated areas into a computer and quantifying the area of each with
IH image (version 1.62, 1999), then applying the Cavalieri
ethod by which volume is estimated to be the product of the area
easurements and the tissue thickness between section planes.
olume of the entire frontal white matter was estimated as above,
sing each section from which parcellations of the mPFC gray
atter regions were drawn, beginning with the first section con-

aining white matter and ending with the last section containing
parcellated) mPFC. This resulted in the volume estimation being
ade from eight to 11 drawings of all underlying cortical white
atter in both hemispheres. The small portion of the white matter

rossing between hemispheres (i.e. the corpus callosum) was
xcluded (see Fig. 1B).

Mounted section thickness was measured by determining the
ifference between the focal depth of the top and bottom of the
issue, using the focus position meter feature of the StereoInves-
igator software program (MicroBrightField), which receives infor-
ation about movement in the z axis from the motorized stage

ontroller (Prior Scientific, Cambridge, Cambridgeshire, UK). For-
y-eight measurements of thickness were taken per animal,
venly distributed among sample sites and sections (six
easurements�two layers (II/III, V/VI)�four regions (ACd, ACv,
L, IL)). An average section thickness was calculated per animal
nd used in the calculations for that animal. Tissue shrinkage in
ection thickness was equivalent among all groups (average thick-
ess: 20.2 �m) and was not influenced by age or by sex.

euron number estimation

uantification of neuron number was carried out as we have
reviously described (Nunez et al., 2002), following stereological
rinciples (Howard and Reed, 1998) and using the StereoInves-
igator software program (MicroBrightField). Neuronal density was

rsal mPFC, consisting of areas ACd and ACv, and the ventral mPFC,
mphasized with a bolded line. Frontal white matter volume (WM) was
in the do
uantified within each mPFC subregion using the optical disector,
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n unbiased stereological technique (Gundersen et al., 1988). The
oftware program automatically and randomly moves a counting
rame containing appropriate ‘acceptance’ and ‘forbidden’ lines
area or Aframe of 45�45 �m and height (h) of the section
hickness excluding the 3 �m thick guard zones) within each
egion of interest in order to obtain correct stereological estimates
f cell density that were unbiased for cell size and shape. In this
ethod, only cells falling fully inside the counting frame or those

hat contact the ‘acceptance’ line without also contacting the ‘for-
idden’ line are counted. Any cell contacting the ‘forbidden’ line is
xcluded from the count. Sampling frames that did not contain any
eurons were included in the analysis in order to obtain an accu-
ate estimate of cell density for a region. The optical disector, like
he physical disector, uses a ‘reference’ section and a ‘look-up’
ection, although in this case the two sections are optical (mean-
ng they are two planes of focus within the thickness of a single
issue section). A cell was only counted if the bottom of the cell
as observed within the volume of the counting frame—i.e. ap-
eared in focus at the ‘reference’ section or between the two
ections but not at the ‘look-up’ section. Any cell that was
ransected by the ‘look-up’ section was excluded from the count.
he StereoInvestigator program allows individual cells to be

racked with the use of markers and will perform a tally of multiple
ounts if separate markers are used for different cell types as was
one here for neurons and glia. In the cortex, neurons and glia can
e unambiguously distinguished based on morphological charac-
eristics; neurons are identified by their larger size and the pres-
nce of a clearly defined nucleus and nucleolus, whereas glia are

dentified by their smaller size, amorphous shape, and cytoplas-
ic and nuclear textural differences. Through systematic random

ampling, at least 400 neurons and 140 glial cells within each
ayer (II/III, V/VI) of each region (dorsal, ventral) were counted in
ach subject. To obtain cell density, the area of the counting frame
Aframe) was multiplied by the height (h) to obtain the volume for
he counting frame [v(dis)]. The cell counts made within this vol-
me (in a particular lamina of a particular region) were divided by
he volume of the counting frame [v(dis)] to obtain cell density
easures (Nv). This cell density measure was then multiplied by

he volume of the appropriate reference space (a particular layer
f a particular region) to obtain cell number (glial density multiplied
y reference space volume to obtain glial cell number; neuronal
ensity multiplied by reference space volume to obtain neuron
umber).

Coefficient of error (CE) for the neuronal and glial density of
ach animal within each area was calculated using equation 10.32

n Howard and Reed (1998) to verify that our sampling was
ufficient. Average CE values for day 35 and day 90 animals are
resented in Table 1. Neuronal density for a given region was
ultiplied by the volume of the corresponding reference space

able 1. CE values for neuronal and glial density in ventral mPFC
ayers II/III and V/VI and in dorsal mPFC

ayer Day 35 Day 90

entral mPFC
II/III Neurons 0.044 0.045
II/III Glia 0.046 0.046
V/VI Neurons 0.036 0.036
V/VI Glia 0.047 0.046
orsal mPFC
II/III Neurons 0.040 0.042
II/III Glia 0.043 0.042
V/VI Neurons 0.038 0.039
V/VI Glia 0.048 0.046

There were no differences in CE for any measure between animals

cf different ages (day 35, day 90; group means shown).
see volume estimation, above) in order to obtain neuron number
or each region for each animal.

tatistical methods

two-way analysis of variance for the factors of sex and age was
onducted for each dependent variable, with litter included in the
nalysis as a blocking variable (SPSS statistical package, version
3.01). Post hoc comparisons were specified using lmatrix con-
rast statements in SPSS. The lmatrix subcommand is used to
equest the test of specific pairwise contrasts (rather than testing
ll possible pairwise comparisons). Significance was considered
o be P�0.05.

RESULTS

entral mPFC

otal neuron number in the ventral mPFC decreased
etween days 35 and 90 (age: F�4.1, P�0.021). Al-
hough the interaction between sex and age was not sig-
ificant, this effect was more pronounced in females (19%

oss in females compared with just over a 5% loss in
ales), resulting in a sex difference in neuron number of

his region in adulthood (females�males by approximately
3%, P�0.03) (Table 2). When the superficial and deep

able 2. Neuron number, glial cell number, and volume of the ventral
nd dorsal mPFC, and volume of the frontal white matter

Day 35 Day 90

entral mPFC

euron number†

� 364,342�26,660 294,257�15,300
� 350,305�19,139 331,567�11,684*
lial number
� 158,387�15,622 144,377�8,076
� 155,501�10,247 170,108�9,102*

olume (mm3)‡

� 1.56�0.13 1.28�0.07
� 1.48�0.10 1.51�0.07*

orsal mPFC

euron number

� 576,649�24,601 587,551�15,991
� 583,678�24,699 599,715�23,674
lial number†

� 253,592�14,857 292,850�9,024
� 274,343�14,789 317,579�22,241

olume (mm3)
� 2.55�0.17 2.58�0.13
� 2.57�0.12 2.88�0.16

rontal white matter

olume (mm3)†,�,‡

� 0.491�0.029 0.611�0.025
� 0.506�0.010 0.706�0.008*

N�9 For all groups except 90 day old males where N�11.
Denotes a significant main effect of age, � denotes a significant main
ffect of sex, ‡ denotes a trend towards an age by sex interaction
P�.06 in both cases) and * indicates males�females at day 90. See
ext for details. Group means�standard error of the mean (SEM) are
hown.
ortical layers of the ventral mPFC region were examined



s
c
l
V
d
m

t
t
m
e
n
t
e
m
(

a
(
u
c
m
t
(

D

N
d
f
(
n
1
2
t
f

F

I
c
(
m
2
P
w

F
n
l
3
m

F
i
9
h
e

F
a

J. A. Markham et al. / Neuroscience 144 (2007) 961–968 965
eparately, it was found that neuron number was signifi-
antly reduced between days 35 and 90 in both sexes in
ayers II/III (F�11.5, P�0.002; Fig. 3A) but not in layers
/VI, although planned comparisons revealed that females
id undergo a loss of neurons in layers V/VI (P�0.04) but
ales did not (Fig. 3B).

Glial cells accounted for between 30 and 35% of
otal cells in the ventral mPFC in all four groups, similar
o what has previously been found in the adult rat pri-
ary visual cortex (Gabbott and Stewart, 1987; Nunez
t al., 2002). In contrast to neuron number, glial cell
umber in the ventral mPFC remained stable between

hese ages (Table 2). There was, however, a sex differ-
nce among young adults with males having nearly 18%
ore glial cells in the ventral mPFC than females

P�0.01) (Table 2).
Finally, there was a trend toward an interaction of sex

nd age on the volume of the ventral mPFC gray matter
F�4.1, P�0.052), due to an age-related reduction in vol-
me in females of approximately 18% (P�0.02) but no
hange in volume among males. The amount of the volu-
etric reduction among females closely corresponds to

he adult sex difference in volume of this region
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B

ig. 3. Neuron number in the ventral mPFC. (A) Reduction of neuron
umber in layer II/III of the ventral mPFC between days 35 (periado-

escence) and 90 (young adulthood). (B) Neuronal loss between days
5 and 90 in ventral mPFC layer V/VI occurs only in females. Group
eans�standard error of the mean (S.E.M.) are shown. * P�0.05.
females�males by approximately 18%, P�0.01) (Fig. 4).
3
e

orsal mPFC

euron number and regional volume of the dorsal mPFC
id not change between days 35 and 90 in either males or
emales, and there were no differences between the sexes
Fig. 5 and Table 2). In contrast to neuron number, glial cell
umber in the dorsal mPFC increased with age by over
5% in both males and females (F�5.5, P�0.03) (Table
). As in the ventral mPFC, glial cells accounted for be-
ween 30 and 35% of total cells in the dorsal mPFC in all
our groups.

rontal white matter

n contrast to mPFC gray matter, volume of the frontal
ortical white matter increased dramatically with age
F�63, P�0.0001; Fig. 6 and Table 2). The increase in
ales (nearly 40%) was greater than in females (nearly
5%) (age by sex interaction, F�4.0, P�0.055; sex F�7.9,
�0.01), resulting in an adult sex difference in frontal
hite matter volume of approximately 15% (P�0.04).

Volume of the Ventral mPFC 
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ig. 4. Ventral mPFC volume. Volume of the ventral mPFC is reduced
n females but not males between day 35 (periadolescence) and day
0 (young adulthood) (age�sex P�0.052), resulting in adult males
aving a larger volume than adult females. Group means�standard
rror of the mean (S.E.M.) are shown. * P�0.05, ** P�0.01.
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ig. 5. Neuron number in the dorsal mPFC. Neuron number is equiv-
lent between males and females and remains stable between days

5 (periadolescence) and 90 (young adulthood). Group means�standard
rror of the mean (S.E.M.) are shown.
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DISCUSSION

he present study investigated whether the number of
eurons in the rat mPFC is altered between adolescence
nd young adulthood, and if so, whether these changes
ontribute to the sexual differentiation of this cortical re-
ion. We report that neuronal number is reduced in the
entral mPFC between postnatal days 35 and 90 in the rat,
hereas glial cell number in this region remains stable
uring this time. Although we found that both sexes under-
ent a reduction in neurons, the effect was more pro-
ounced among females, resulting in an adult sex differ-
nce in neuron number with females having approximately
3% fewer neurons in the ventral mPFC than males. The
ndings support our previous work indicating that neuron
umber continues to be shaped relatively late in postnatal
evelopment and that these late changes contribute to
dult sex differences in cortical neuron number (Reid and
uraska, 1992; Nunez et al., 2001, 2002).

There was specificity to the changes observed here
etween adolescence and young adulthood. The pattern
bserved in the ventral mPFC (reduced neuron number
ut stable glial number) was not found in the dorsal mPFC;

nstead, neuron number in this region was stable and glial
ell number actually increased by over 15% between ad-
lescence and adulthood. Thus the nature of the periado-

escent refinement of prefrontal cortex is region-specific. In
ddition, the white matter volume was greatly increased
etween adolescence and young adulthood in contrast to
PFC gray matter volumes (stable in the dorsal region,

educed in the ventral region of females). The pattern of
evelopmental changes in frontal white matter volume

ound here is similar to that found in humans—linear in-
reases in both sexes, but a steeper increase in males,
esulting in an adult sex difference (Giedd et al., 1999;
asey et al., 2000; Paus et al., 2001). White matter volume

s strongly correlated with myelination, which is known to
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ig. 6. White matter volume. Frontal white matter volume increases
etween day 35 and day 90 in both sexes (P�0.0001), but more so in
ales (age�sex, P�0.055), resulting in an adult sex difference. Group
eans�standard error of the mean (S.E.M.) are shown. * P�0.05,

* P�0.01.
ontinue well into adulthood, in both humans and rodents e
Yakovlev and Lecours, 1967; Benes et al., 1994; Paus et
l., 1999; Nunez et al., 2000; Bartzokis et al., 2001).

A growing body of work has elucidated peri-pubertal
natomical refinement of circuitry in the primate prefrontal
ortex (Lewis, 1997; Woo et al., 1997). For instance, syn-
ptic density in this area increases early in postnatal de-
elopment, plateaus for some time, and then declines
uring adolescence (Huttenlocher, 1979; Bourgeois et al.,
994; Anderson et al., 1995). A reduction in synaptic den-
ity could reflect a true loss of synapses (rather than
endritic elaboration which would spread a stable number
f synapses over a greater area), since volume of this
egion is also reduced following adolescence (Giedd et al.,
999). It is not known whether peri-pubertal synaptic prun-

ng similarly occurs in the rodent mPFC, as very little
esearch on cortical development has included this late
ime frame. One study, however, did find that the volume of
hree rat cortical areas (the medial precentral, ACd, and PL
reas) was higher prior to puberty than in adulthood (Van
den and Uylings, 1985b), similar to what we report here

or the female rat ventral mPFC (PL and IL areas). The
resent work indicates that, in addition to possible changes

n synapse number, the reduction in volume following ad-
lescence is at least in part due to a loss of neurons,
uggesting that synaptic refinement and apoptosis are
verlapping processes in late cortical development.

Our work points to a sex-specific developmental pat-
ern which results in sex differences in adult neuron num-
er. We found that males had an 18% larger volume of the
dult ventral mPFC than females, and females had 13%
ewer neurons and 18% fewer glial cells in this region in
dulthood than males. These findings are comparable to
he rat primary visual cortex, where males have approxi-
ately 20% more gray matter volume and 19% more
eurons than females (Reid and Juraska, 1992; Nunez et
l., 2002). In the visual cortex, females had the same
olume and number of neurons as males if their ovaries
ere removed at 20 days of age which implicates the
varian steroids in the emergence of the sex difference
Nunez et al., 2001). It remains to be demonstrated
hether comparable effects would occur in the mPFC.

Human cortical development also follows a sex-spe-
ific trajectory, which results in adult sex differences in
ray and white matter volumes and cortical neuron number
Pakkenberg and Gundersen, 1997; Giedd et al., 1999).
ur findings in the rat cerebral cortex are consistent with

his scenario, and at least in the visual cortex, gonadal
ormones are implicated in this process (Nunez et al.,
002). The present findings are also consistent with the
eriadolescent refinement of prefrontal circuitry which has
reviously been observed in monkeys and humans, and
hey further indicate that a reduction in neurons can occur
etween adolescence and adulthood. The question of
hat the functional consequences of peri-adolescent re-
nement of prefrontal circuitry are is an interesting one. It
as been found, for instance, that adult patterns of cerebral
lood flow (Chugani et al., 1987; Chiron et al., 1992) and
atterns of frontal lobe activation as measured by electro-

ncephalography mature during late adolescence (Hud-
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peth and Pribram, 1992). The structural changes are also
ikely to play a role in the development of competence on
ognitive tasks that rely on this area. Adult levels of per-
ormance on PFC-dependent tasks, such as delayed re-
ponse tasks and tests of selective attention, are not
eached until after puberty in both humans and monkeys
Goldman, 1971; Alexander and Goldman, 1978; Levin et
l., 1991; Casey et al., 2000). In rats also, adult skill levels
n some cognitive tasks are not achieved until after pu-
erty (e.g. Schenk, 1985; Altemus and Almli, 1997) and,

nterestingly, there is evidence that sex differences in cog-
itive abilities also do not emerge until after puberty (Kanit
t al., 2000). Our findings of region-specific neuronal loss
nd increases in white matter volume add to the evidence
f dynamic changes occurring during adolescence in the
refrontal cortex.
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