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Cortical excitatory glutamatergic projection neurons and inhibitory
GABAergic interneurons follow substantially different developmen-
tal programs. In rodents, projection neurons originate from
progenitors within the dorsal forebrain, whereas interneurons arise
from progenitors in the ventral forebrain. In contrast, it has been
proposed that in humans, the majority of cortical interneurons arise
from progenitors within the dorsal forebrain, suggesting that their
origin and migration is complex and evolutionarily divergent.
However, whether molecularly defined human cortical interneuron
subtypes originate from distinct progenitors, including those in the
ventral forebrain, remains unknown. Furthermore, abnormalities in
cortical interneurons have been linked to human disorders, yet no
distinct cell population selective loss has been reported. Here we
show that cortical interneurons expressing nitric oxide synthase 1,
neuropeptide Y, and somatostatin, are either absent or substantially
reduced in fetal and infant cases of human holoprosencephaly
(HPE) with severe ventral forebrain hypoplasia. Notably, another
interneuron subtype normally abundant from the early fetal period,
marked by calretinin expression, and different subtypes of
projection neuron were present in the cortex of control and HPE
brains. These findings have important implications for the un-
derstanding of neuronal pathogenesis underlying the clinical
manifestations associated with HPE and the developmental origins
of human cortical interneuron diversity.
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Introduction

Holoprosencephaly (HPE), the most common human congenital

brain malformation, is often associated with motor deficits,

seizures, and mental retardation (Probst 1979; Golden 1999;

Muenke and Beachy 2000; Monuki 2007; Fernandes and Hébert

2008). HPE is characterized by inadequate separation of the 2

cerebral hemispheres due to abnormal embryonic development

of the forebrain midline. Typically, HPE cases are classified, in

order of increasing severity, as lobar, semilobar, or alobar,

according to the degree of dorsal midline fusion of the cerebral

hemispheres (DeMyer 1977; Probst 1979; Barkovich and Quint

1993; Takahashi et al. 2004). However, the majority of HPE

brains also exhibit a spectrum of defects in the development and

midline separation of ventral forebrain structures, including the

striatum, ranging from moderately affected to severely hypo-

plastic (Yakovlev 1959; Probst 1979; Barkovich and Quint 1993;

Golden 1999). Studies in experimental animals suggest that

defects in ventral midline progenitor cells lead to specific

alterations in the development of ventral forebrain structures,

including the ganglionic eminences and striatum, often without

severely affecting the specification of cortical neuronal progen-

itors and excitatory glutamatergic projection neurons in the

dorsal forebrain (Cheng et al. 2006; Rash and Grove 2007;

Fernandes and Hébert 2008). However, whether defects of

human ventral midline development, in cases of HPE or

other diseases, affect neocortical and hippocampal inhibitory

GABAergic interneurons has not been examined.

Previous postmortem studies of human HPE brains were

limited to the analysis of neuronal morphology and expression

of a few pan-neuronal markers (Yakovlev 1959; Probst 1979;

Mizuguchi and Morimatsu 1989; Golden 1999; Arii et al. 2000;

Judas et al. 2003; Hayashi et al. 2004), leaving open the possibility

that molecularly and functionally distinct cortical neuronal cell

types are selectively affected or absent in human HPE. Cortical

interneurons comprise a great variety of morphologically and

molecularly identifiable subtypes (Kawaguchi and Kondo 2002;

Wonders and Anderson 2006; Petilla Interneuron Nomenclature

Group 2008). Most of these subtypes are common to all

mammals; however, some subtypes exhibit prominent evolu-

tionary differences in their number, molecular profile, morphol-

ogy, and functional organization (Jones 1993; Gabbott and Bacon

1996; DeFelipe et al. 2006; Meyer 2007).

Recent experimental evidence indicates that in mice and

ferrets, a large majority of cortical interneurons share a common

origin with striatal neurons, arising from progenitors within the

ventral forebrain and migrating dorsally into the cortex

(Anderson et al. 1997; Métin et al. 2006). In humans, however,

it has been proposed, without reference to specific subpopula-

tions, that the majority of cortical interneurons arise from dorsal,

instead of ventral, forebrain progenitors (Letinic et al. 2002). Due

to variations in human HPE cases in their ventral forebrain

phenotypes, we hypothesize that in HPE cases with severe

hypoplasia of the striatum, but not those with little or no defects

in ventral forebrain, specific subpopulations of cortical inter-

neuronswould either be greatly reduced in number or absent. To

test our hypothesis, we undertook detailed characterization of

the various distinct cortical neuronal cell types in fetal and infant

humanHPE caseswith severe striatumhypoplasia and thosewith

moderately to well-differentiated striatum, as well as in age-

matched normal control brains. Our results show that a distinct

subpopulation of interneurons coexpressing nitric oxide syn-

thase 1 (NOS1), neuropeptide Y (NPY), and somatostatin (SST) is

consistently absent or substantially reduced from the neocortex

and hippocampus of HPE cases with severe ventral forebrain

midline and striatal hypoplasia. In contrast, calretinin (CALB2)-

positive neurons, the other major subtype of cortical interneur-

ons normally abundant from the early fetal period, as well as

multiple subtypes of excitatory projection neurons are clearly
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present in the neocortex and hippocampus of all examined

control and HPE brains. The correlation between the selective

absence of molecularly defined cortical interneurons and the

severity of disruption of the ventral forebrain midline in some

cases of HPE suggests that human cortical interneuron subtypes

are derived fromdistinct progenitors and thatmolecularly defined

subpopulationsmay originate in the ventral forebrain andmigrate

dorsally into the cortex.

Materials and Methods

Brain Specimens
This study was carried out using postmortem human brain specimens

(Supplementary Tables 1 and 2) collected according to guidelines on the

research use of human brain tissue from the New York State--licensed

Human Fetal Tissue Repository at the Albert Einstein College of Medicine

(AECOM); the Department of clinical neuropathology of the Tokyo

Metropolitan Institute for Neuroscience (TMIN); and the Croatian

Institute for Brain Research (CIBR) at the University of Zagreb School

of Medicine. This study was approved by the Human Investigation

Committees at the Yale University School of Medicine and the 3 above-

mentioned institutions. For each tissue donation, appropriate maternal

written informed consent and approval were obtained. We recorded all

available nonidentifying information, including maternal medical history,

age, and ethnicity and fetus/infant gender, weight, cause of death,

medications, Apgar score, and relevant medical conditions. The fetal age

was determined by the date of last menstruation, ultrasonographic

scanning, crown-rump length, and/or foot length.

Fourteen brains with no signs of malformations or brain lesions were

used as controls (Ctrl-1 to -14; Supplementary Table 1). Specific agonal

conditions, including coma, hypoxia, pyrexia, seizures, dehydration,

hypoglycemia, multiple organ failure, head injury, and ingestion of

neurotoxic substances at time of death, were grounds for exclusion. All

HPE cases had brain and midfacial abnormalities typical of HPE and

were organized according to: 1) age and 2) state of ventral forebrain

midline and striatum development from moderately and well-differen-

tiated (group A) to hypoplastic (group B; Supplementary Table 2). In

group B cases (HPE-B), the striatum was severely hypolastic and fused

to the thalamus, forming single centroventrally positioned rudimentary

striatothalamic eminence (Fig. 1a). The average postmortem delay

prior to fixation was 1.9 ± 0.9 h for control brains and 2.5 ± 0.7 h for

HPE brains (P > 0.05). The average fetal and postnatal age were,

respectively, 23.5 ± 1.7 weeks of gestations (wg) and 6.3 ± 2.8 months

for control brains and 25.7 ± 2.5 wg and 5.2 ± 2.0 months for HPE brains

(P > 0.05).

Tissue Processing
The HPE and age-matched control specimens, obtained from the

Human Fetal Tissue Repository at the AECOM, were collected in cold

phosphate buffered saline (PBS), separated from surrounding tissue,

and immediately dissected into approximately 1 cm thick slabs and

fixed in 4% (w/v) paraformadehyde (PFA)/PBS for 48 h at 4 �C. For
specimens obtained from AECOM, we examined the whole brain in all

controls and the neocortex and hippocampus in all HPE cases. In HPE-

2A, -3B, and -4B specimens, the striatum (HPE-2A) or the hypoplastic

striatothalamic eminence (HPE-3B and -4B) as well as the thalamus,

brain stem, and cerebellum were obtained and examined. In HPE-1A,

the ventral forebrain (ganglionic eminences and basal ganglia),

thalamus, brain stem, and cerebellum were not available for study.

Following fixation, tissue slabs were cryoprotected in graded sucrose

solutions [10%, 20%, and 30% (w/v) in PBS] at 4 �C, embedded in

Tissue-Tek O.C.T. (Sakura Finetek USA, Inc., Torrance, CA), frozen at –

40 �C in 2-methylbutane (J.T. Baker, Inc., Philipsburg, NJ), and stored

at –80 �C. Tissue sections (30 and 60 lm thick) were prepared using

a Leica CM3050S cryostat and mounted onto Superfrost/Plus slides

(Fisher Scientific Co., Pittsburgh, PA) or stored as free-floating sections

in PBS at 4 �C.
The HPE and control specimens (Supplementary Tables 1 and 2)

obtained from the TMIN were fixed by immersion in formalin for 10--14

days, dissected into slabs and paraffin embedded. For all control and HPE

cases, tissue sections of the frontal and temporal neocortex, hippocam-

pus, striatum/striatothalamic eminence, and pons were analyzed.

The HPE and control specimens (Supplementary Tables 1 and 2)

obtained from the CIBR were fixed by immersion in 4% PFA for at least

3 days. The HPE-9 brain was dissected into 1--2 cm thick slabs,

cryoprotected, and frozen. For Ctrl-12 and HPE-7A brains, one tissue

slab containing the ventral forebrain and frontal neocortex was

processed for NADPH-diaphorase (NADPH-d) histoenzymatic staining.

The remaining tissue slabs were embedded in paraffin.

Fourteen main control brains are listed by their ages in wg (fetal) or

months (infants) (Supplementary Table 1). In addition, over 50 control

brains not included in this present study, ranging in age from 12 wg to

adult, were analyzed for NADPH-d staining, NOS1 immunohistochem-

istry, and expression of some of the cell type-specific markers listed in

Supplementary Table 3, as part of previously published studies (Sajin

et al. 1992; Sestan and Kostovic 1994; Judas et al. 1999). Data from these

previous studies were used for making normative comparisons.

Immunohistochemistry
For immunohistochemical staining, slide-mounted (30 or 60 lm), or

free-floating (60 lm) tissue sections were first washed in PBS and

quenched with 1% hydrogen peroxide, prepared in PBS, to block

endogenous peroxidase activity. Next, the sections were washed in PBS

and incubated in blocking solution (BS) containing 5% (v/v) normal

donkey serum (Jackson ImmunoResearch Laboratories, West Grove,

PA), 1% (w/v) bovine serum albumin, 0.1% (w/v) glycine, 0.1% (w/v) L-

lysine, and 0.4% (v/v) Triton X-100 in PBS for 1 h at room temperature

(RT). Sections were then incubated overnight at 4 �C in primary

antibodies (Supplementary Table 3) diluted in BS. For immunofluores-

cent staining, tissue sections were incubated with appropriate donkey

secondary antibodies conjugated to different fluorophores (Jackson

ImmunoResearch Labs), mounted and imaged using a Zeiss LSM 510

laser-scanning microscope. For 3,3#-diaminobenzidine (DAB) immuno-

histochemistry, sections were incubated in the appropriate donkey

biotinylated secondary antibodies (Jackson ImmunoResearch Labs)

diluted 1:250 in PBS for 1.5--2 h at RT. Following washing in PBS,

sections were incubated in avidin--biotin--peroxidase complex (Vectas-

tain ABC Elite kit; Vector Laboratories, Burlingame, CA) for 1 h at RT.

Sections were washed in PBS (3 3 15 min) and incubated for 5 min in

20 mL of PBS containing 0.05% (w/v) DAB, 0.04% (w/v) ammonium

chloride, 0.5--1 mg glucose oxidase type VII, and 80 ll of 0.05 M nickel

ammonium sulfate in 0.2 M acetate buffer (pH 6.0). The peroxidase

reaction was started by adding 400 ll of 10% (w/v) D-glucose/PBS and

stopped 5--10 min later by washing in PBS. Finally, sections were

dehydrated and mounted in Permount (Fisher Scientific Co.). The same

protocol was followed in 10 lm paraffin embedded tissue slices after

deparaffinization in xylene and rehydration in graded ethanol baths. All

immunostainings were performed in at least 2 different control brains.

Whenever possible, multiple antibodies against a specific cellular

marker were used (Supplementary Table 3).

NADPH-d Histochemistry
NADPH-d histoenzymatic staining was performed as previously

described (Sajin et al. 1992; Judas et al. 1999). Briefly, free-floating or

slide-mounted tissue sections of control and HPE brains were incubated

in medium containing 1 mM beta-NADPH (Sigma, St. Louis, MO), 0.8

mM nitro blue tetrazolium, and 0.3% Triton X-100 in 0.1 M PBS (pH 8.0)

at 37 �C for 3--10 h. After incubation, sections were washed 33 in PBS

and mounted on glass slides. Intensely reactive interneurons were

easily identified by the high content of dark blue formazan precipitates.

Intense staining of many blood vessels for NADPH-d (due to endothelial

nitric oxide synthase 3) and a widespread faint staining of projection

neurons served as internal positive controls. Intensely NADPH-d-

reactive or NOS1-positive cortical interneurons were found in all fetal

(starting at 15 wg) and postnatal control brains (Supplementary Table

1), as well as in over 50 control brains analyzed in previously published

studies (Sajin et al. 1992; Sestan and Kostovic 1994; Judas et al. 1999).
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RNA in situ Hybridization
For in situ hybridization, free-floating cryosections (60 lm) were

postfixed with 4% PFA/PBS for 15 min, washed in PBS 33 5 min, and

hybridized overnight at 70 �C with 500 ng/mL of digoxigenin (DIG)-

labeled cRNA probe corresponding to nucleotides 361-1506 of human

FEZF2 (NM_018008). The signal was detected with an alkaline

phosphatase-conjugated anti-DIG antibody and NBT/BCIP chromogen

(Roche Applied Science, Indianapolis, IN).

Quantifications and Statistical Analysis
Quantification of percentage of NADPH-d/NOS1- and CALB2-positive

interneurons was performed in the neocortical and hippocampal

cortical plate (CP) and subplate (SP) of all HPE and age-matched

control brains, using StereoInvestigator software (MicrobrightField,

Williston, VT). Neocortical tissue sections were immunostained for

each interneuron marker and counterstained with Nissl. In each

section, three locations were randomly selected for neuronal quanti-

fication. In each location, CP and SP were delineated and total cellular

density was estimated in both by counting Nissl-stained cell bodies in

randomly sampled optical dissectors (1225 lm2 and 3--10 lm thick).

Interneurons were counted in columns 536--2200 lm wide along the

entire height of the CP and SP and throughout the total slice thickness

(10 or 30 lm). Cellular density of each interneuron subtype was

averaged across the 3 sampled locations and expressed in percentage.

The distribution of cells immunolabeled for ASCL1 (also known as

MASH1) or TITF1 (also known as NKX2.1), as well as the percentage of

cell nuclei double immunolabeled for ASCL1 and Ki67 or TITF1 and

Ki67, was estimated in the different fetal zones of the ventral and dorsal

forebrain of midfetal Ctrl-1 (18 wg) and Ctrl-2 (20 wg) brains using 30

lm sections at 340 amplification. The nonparametric Mann--Whitney U

test was employed to assess possible significant differences (P < 0.05).

Results

Depletion of NOS1/NPY/SST-Positive Cortical
Interneurons in Human HPE Brains with Severe Striatal
Hypoplasia

To determine whether any major subtypes of cortical interneur-

ons or projection neurons are affected in human fetal and

infant HPE, we analyzed the expression of various neuronal cell

type--specific markers using immunohistochemistry, histochem-

istry, and in situ hybridization (Supplementary Table 3). The

analysis was performed in postmortem HPE brains with moder-

ately to well-differentiated striatum (group HPE-A; n = 3), HPE

brainswith severe ventral forebrainmidline and striatal hypoplasia

(group HPE-B; n = 8), and age-matched midfetal to infant control

brains (n = 14) with no signs of neuroanatomical abnormalities

(Fig. 1a; Supplementary Tables 1 and 2). In HPE-B cases, the

severelyhypoplastic ventral forebrain, containing the rudimentary

ganglionic eminences and striatum, was greatly reduced in size

and intermingled with the thalamus, forming a small striatothala-

mic eminence along the ventral midline. This dramatic disruption

of the ventral forebrain led us to hypothesize that cortical

GABAergic interneurons, or specific subtypes thereof, could be

Figure 1. Selective absence of NOS1/NPY/SST-positive but not CALB2-positive cortical interneurons from fetal and early postnatal HPE brains with severe ventral forebrain
(striatal) hypoplasia. (a) Schematic coronal forebrain sections with striatum (blue) in control and HPE-A brains and the rudimentary striatothalamic eminence (blue) in HPE-B
brains. Midline is denoted by dashed line. (b) Quantification of NOS1/NADPH-d-positive and CALB2-positive neocortical interneurons as a percentage of total number of Nissl
stained cells in controls (green; n5 14), group HPE-A (red; n5 3), and HPE-B (blue; n5 8) (n.s., not significant; *P# 0.05; **P# 0.0001; ***P# 0.00001). (c) Neocortex of
HPE-4B (bottom) and age-matched control (top) stained for NADPH-d (left, blue) and triple immunofluorescence (right) for NPY (green), SST (red), and CALB2 (blue). Arrows
depict neurons coexpressing NADPH-d, NPY, and SST. Arrowheads depict CALB2-immunolabeled neurons.

2198 Cortical Interneurons in Human Holoprosencephaly d Fertuzinhos et al.
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affected in group HPE-B brains. Normally, 2 major subtypes

molecularly and functionally distinct of human cortical interneur-

ons are clearly present from the early fetal period: CALB2- and

NOS1/NPY/SST-expressing interneurons (Judas et al. 1999;Meyer

2007). At this developmental stage, we found that calbindin 1

(CALB1)-positive interneurons were scarcely present in the

marginal zone (MZ) of the hippocampus and were almost

completely absent from the neocortex (Supplementary Table 4;

data not shown). Togetherwith parvalbumin (PVALB)-expressing

interneurons, they mainly appear in the neocortex later in

development during late fetal period and early infancy (Judas

et al. 1999; Ulfig 2002; Meyer 2007). During the midfetal period,

we found numerous GABA- and CALB2-positive interneurons in

the striatum, neocortex, and hippocampus of both group HPE-A

and -B, as well as in age-matched control brains (Figs. 1b,c and

2a,b). In contrast, interneurons positive for NOS1/NPY/SST or

NADPH-d, a histoenzymatic marker of all isoforms of NOS, were

almost completely missing from the SP, CP, and MZ of the

neocortex and hippocampus of all HPE-B cases and moderately

reduced in HPE-A cases compared with age-matched control

brains (Figs. 1b,c, 2c--e, and 3b--d).

To show that the midfetal absence of molecularly defined

cortical interneurons is not due to delayed migration or

differentiation, we analyzed HPE cases from the late fetal period

and early infancy from both groups A and B (Supplementary

Table 2). Consistent with results from our midfetal analysis, late

fetal and early infant HPE-A and -B cases contained CALB2-

positive interneurons comparable in number andmorphological

maturation to age-matched controls (Fig. 4a; Supplementary

Table 4). Also consistent with the midfetal findings, NOS1/NPY/

SST-positive interneurons were either absent or dramatically

reduced from the neocortex and hippocampus of late fetal and

infant HPE-B cases (Fig. 4d3,4;e3,4;f3,4).

Because a significant number of PVALB- and CALB1-positive

interneurons are present in the human cortex around the time

of birth (Judas et al. 1999; Ulfig 2002; Meyer 2007), we were also

able to analyze the differentiation and distribution of these

interneurons in late fetal and infant cases. PVALB-positive

interneurons were observed in the neocortex and hippocampus

of some late fetal and infant control and HPE-A brains (Fig.

4bc1,2; Supplementary Table 4). However, these interneurons

were either absent or substantially reduced in the neocortex

and hippocampus of HPE-B brains. In the same tissue sections of

HPE-B brains, moderate immunostaining of pyramidal neurons

was present in neocortical layer 5 (data not shown), indicating

that the absence of PVALB-positive interneurons was not due to

staining failure. However, a negligible number of PVALB-positive

neurons was observed in the deep white matter of only 1 HPE

case from group B (HPE-9B). The large soma size and the pattern

of dendritic arborization of these white matter PVALB-positive

neurons in HPE-9B were reminiscent of white matter interstitial

neurons previously described in human infants (Judas et al.

1999; Ulfig 2002; Meyer 2007), the characteristics of which have

not been well studied. Though PVALB-positive interneurons

appear to be severely depleted from the cortex of late fetal and

infant HPE-B cases, additional specimens of these stages are

needed to substantiate this observation.

Previous studies have shown that CALB1 is substantially

coexpressed by both PVALB- and NOS1/NPY/SST-positive

interneurons and to a lesser extent by CALB2-positive

interneurons (Kubota et al. 1994; Markram et al. 2004). We

observed CALB1-positive cortical interneurons mainly in the

layer 1, SP, and white matter of late fetal and infant control and

HPE-A neocortical wall (Fig. 4b). Even though in apparently

reduced numbers, CALB1-positive cortical interneurons were

observed in the neocortical wall and hippocampus of late fetal

Figure 2. Representative images of immunohistochemical staining for different molecular markers of interneurons in midfetal control and HPE-2A, -3B, and -4B brains. (a1--4, b1--4)
Numerous GABA- and CALB2-positive cortical interneurons are present at the border between the CP and SP of both control and all HPE brains. (c3,4-e 3, 4), NOS1-, NPY-, and
SST-positive cortical interneurons are absent from the CP and SP of HPE-B brains.
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and infant HPE-B brains. These observations are consistent with

our findings of dramatic depletion of NOS1/NPY/SST-positive

but not CALB2-positive cortical interneurons, both of which

can express CALB1. Taken together, these analyses show that

cortical interneurons molecularly defined by the expression of

NOS1, NPY, and SST are consistently either absent or sub-

stantially reduced in the cortex of fetal and infant group B HPE

cases with severe ventral forebrain hypoplasia.

Figure 3. Histochemical staining for NADPH-d, a marker of NOS, in different regions of the forebrain and in the pedunculopontine nucleus of the brain stem in a control brain (20
wg) and HPE-2A, HPE-3B, and HPE-4B brains. (a1--5, b1--5) Large interneurons intensely reactive for NADPH-d (red arrowheads) were present in the MZ, CP, SP, and fetal white
matter of the neocortical wall, hippocampus, and striatum of a 20 wg control fetal brain and HPE-2A. (c1--4, d1--4) HPE-3B and -4B brains contain no intensely reactive NADPH-
d interneurons in the neocortical or hippocampal MZ, CP, or SP. (c5, d5) Only in HPE-4B could large intensely NADPH-d-positive interneurons be detected in nodular heterotopias
in the fetal white matter, at the border of the neocortical wall and midline mass containing the rudimentary striatothalamic eminence. (a6-d6) NADPH-d-positive neurons were
also present in the brain stem of all cases. Intense staining of blood vessels (due to endothelial NOS3) and a widespread faint staining of projection neurons (due to neuronal
NOS1) for NADPH-d served as internal positive controls for all brains. Insets show enlarged views of the indicated area.

2200 Cortical Interneurons in Human Holoprosencephaly d Fertuzinhos et al.



Depletion of NOS1/NPY/SST-Positive Striatal
Interneurons in Human HPE Brains with Severe Striatal
Hypoplasia

The depletion of NOS1/NPY/SST-positive interneurons in the

cortex of HPE-B cases led us to question whether these

interneurons are affected in the striatum of HPE cases. To

examine this, we analyzed the expression for various

interneuron markers in control and HPE tissue sections

containing ventral forebrain structures. Numerous NOS1/

NPY/SST- and CALB2-positive interneurons were found in the

striatum starting from the early fetal stages in control brains

(Supplementary Table 4; data not shown) (Sajin et al. 1992;

Judas et al. 1999; Ulfig 2002; Meyer 2007). The same striatal

interneurons were also readily found in all HPE-A cases

(Supplementary Table 4). However, the number of NOS1/

NPY/SST-positive, but not CALB2-positive, interneurons was

dramatically reduced in the striatothalamic eminence of HPE-B

brains (Figs. 3c5,d5 and 4g3,4 and data not shown), suggesting

that their generation and differentiation were severely affected

by the ventral forebrain maldevelopment in these brains.

Interestingly, in some HPE-B brains (HPE-4B, -8B, and -9B),

a small number of NOS1/NADPH-d/NPY/SST-positive inter-

neurons were present in neuronal heterotopias near the

corticostriatal border, the boundary between the developing

neocortex and the ventral forebrain (Fig. 3c4,d4; data not

shown). This observation suggests that migration defects of the

remaining interneurons may also contribute to their absence

from the cortex. Importantly, NOS1/NADPH-d/NPY/SST-posi-

tive neurons were present in the brain stem of all HPE-B brains

in numbers comparable to control and HPE-A brains (Fig. 3a6--

d6). Therefore, their absence in HPE-B cortex is not due to

experimental failure or genomic disruption of these genes.

Rather, their absence most likely represents a loss of these

interneurons in the cortex and striatum as a consequence of

defects in the development of ventral forebrain midline

progenitor cells consistent with the severe striatal hypoplasia

in HPE-B brains.

Depletion of TITF1-Positive Progenitors and Postmitotic
Cells in the Ventral Forebrain of Human HPE Brains with
Severe Striatal Hypoplasia

In rodents, cortical interneurons originate from molecularly

distinct progenitor cells in the ganglionic eminences of the

ventral forebrain (Wonders and Anderson 2006; Fishell 2007).

These progenitors can be distinguished by the combinatorial

expression of several transcription factors. Mouse Dlx1/2 and

Ascl1 (also known as Mash1) are expressed throughout the

proliferative zones of the ventral forebrain, and their loss in

mice leads to severe reductions in the numbers of all major

interneuron cell types (Anderson et al. 1997; Xu et al. 2004;

Kim et al. 2008). To determine whether the subtype-specific

absence of cortical interneurons in HPE-B cases is associated

with alterations in distinct populations of interneuron pro-

genitor cells, we analyzed expression of these transcription

factors in control and HPE brains during the midfetal period

using immunohistochemistry. We found DLX1/2- and ASCL1-

positive cells throughout the proliferative zones of the ventral

forebrain and cortical wall of all control and HPE brains

(Figs. 5a and 6a,c; and Supplementary Table 4). Consistent with

previous reports in the midfetal human brain (Letinic et al.

2002), we also observed that many of ASCL1-positive cells in

proliferative zones of the ventral forebrain and neocortical wall

coexpress Ki67, a marker of mitotic progenitor cells (50.2%

and 27.0%, respectively) (Fig. 6c). Together, these findings

Figure 4. Representative images of immunohistochemistry for different interneuron markers at the border between the neocortical layer 6 and SP zone of age-matched control
brains (1), an infant group A brain with moderately developed ventral forebrain (2; HPE-7A), and group B late fetal (3; HPE-6B) and early infant (4; HPE-9B) HPE brains with severe
ventral forebrain hypoplasia. (a1--4) CALB2-positive interneurons are abundant in the neocortex of all cases. (b1,2) CALB1-positive interneurons are readily detected in control
brains and the group A HPE brain. (b3) In group B late fetal HPE brain, CALB1-positive interneurons are not found in the neocortex but occasionally in the MZ/layer 1 and white
matter (inset b3#). (b4) In group B infant HPE brain, CALB1-positive interneurons are found in markedly reduced numbers in the neocortex. (c3,4--f3,4) Cortical interneurons
immunopositive for PVALB, NPY, SST, or NOS1 are almost completely absent from both late fetal and infant group B HPE brains but not from HPE-A cases or age-matched
controls. (c4) occasional and morphologically aberrant PVALB-positive neurons were observed in the white matter of HPE-9B brain (inset c4’). (g1--4) NOS1/NADPH-d-positive
interneurons could be detected in both late fetal and infant HPE striatum (g1,2) or rudimentary striatothalamic eminence (g3,4).
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strongly suggest that the subtype-specific absence of inter-

neurons in HPE-B cases is not associated with dramatic

reduction of DLX1/2- and ASCL1-positive progenitor cells.

In contrast to Dlx1/2 and Ascl1, mouse progenitor cells

expressing Titf1 (also known as Nkx2.1) are restricted to the

medial ganglionic eminence (MGE) and give rise to both

striatal and cortical NOS1/NPY/SST-positive interneurons (Xu

et al. 2004; Wonders and Anderson 2006). Interestingly, in

both control and HPE-A midfetal brains, we observed that cells

expressing high levels of nuclear TITF1 are mainly restricted

to the ventral forebrain and, to a lesser extent, the cortico-

striatal border (Fig 5b1,2 and Fig. 6b). Also consistent with

previous data from mouse, 51.9% of TITF1-positive cells

coexpressed Ki67 within the proliferative zones of the ventral

forebrain at 18 and 20 wg (Fig. 6c), indicating that they are

progenitor cells. Strikingly, TITF1-positive cells are dramati-

cally depleted from the striatothalamic eminence and cortico-

striatal border of all HPE-B midfetal brains (Fig. 5b3,b4),

indicating that the absence of TITF1-positive putative progen-

itors in the ventral forebrain is associated with the absence of

NOS1/NPY/SST-positive cortical neurons in the same brains.

Taken together, these findings indicate that human TITF1-

positive neuronal progenitors are restricted to the ventral

forebrain and dramatically depleted in HPE-B midfetal brains.

Furthermore, consistent with previous studies in mice

(Wonders and Anderson 2006), our results strongly indicate

that human TITF1 is downregulated in migrating and

postmigratory cortical interneuron but maintained, at least

during fetal and infantile periods, in many striatal interneur-

ons. Finally, our findings suggest that a subtype of cortical

interneurons expressing NOS1, NPY, and SST, and their

putative ventral forebrain TITF1-positive MGE progenitors,

are selectively more dramatically affected in human HPE with

severe ventral forebrain hypoplasia.

Figure 5. Representative images of immunohistochemical staining for different markers of putative progenitor cells of cortical interneurons in midfetal control and HPE-2A, -3B,
and -4B brains. (a1--4) ASCL1, a pan-interneuronal progenitor cell marker, was immunodetected in the ventral forebrain ganglionic eminences and neocortical SVZ of all midfetal
control and HPE A and B brains. (b1--3) Cells expressing TITF1, a marker of MGE progenitors, are present in control and HPE-2A striatum, but not in the rudimentary
striatothalamic eminence of HPE-3B and 4B. Insets show enlarged views of the indicated area.

2202 Cortical Interneurons in Human Holoprosencephaly d Fertuzinhos et al.



Figure 6. Analysis of proliferative TITF1- and ASCL1-positive cells in the dorsal and ventral forebrain of normal midfetal brains. (a,b) Both ASCL1- and TITF1-positive cells
proliferate in the SVZ of ventral forebrain, as determined by the coexpression of Ki67, a mitotic cell marker (white arrowheads). (a--c) However, only nuclear stained ASCL1-
positive cells colocalize with Ki67 within the striatum and throughout the dorsal VZ/SVZ, intermediate zone (IZ), and CP/SP border of the lateral and dorsal--medial neocortex. (b#),
Cytoplasmic TITF1-positive cells were observed within the IZ and CP/SP in the midfetal neocortical wall. However, the specificity of this cytoplasmic immunolabeling, using anti-
TITF1 antibody from Santa Cruz Biotechnology, has been questioned (Pan et al. 2004). Thus, cells with cytoplasmic immunostaining were not considered for the analysis. (c) The
percentage of nuclear stained TITF1/Ki67-positive and ASCL1/Ki67-positive cells was estimated in both ventral and dorsal (lateral and dorso-medial neocortex) forebrain of Ctrl-1
(18 wg) and Ctrl-2 (20 wg) brains.
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Cajal--Retzius, Subplate, and Cortical Projection Neurons
are Present in HPE Brains with Severe Striatal Hypoplasia

To determine whether the migration and differentiation of

other neuronal cell types are affected in human HPE, we

analyzed neocortical and hippocampal cytoarchitecture using

staining for Nissl substance and several well-characterized

molecular markers of different subpopulations of CP and SP

projection neurons. The basic cortical organization is

relatively preserved in all HPE brains, as revealed by Nissl

staining analysis (Supplementary Fig. 1). Importantly, the

earliest generated reelin (RELN)-positive Cajal--Retzius neu-

rons are clearly present in the MZ/layer 1 of all HPE brains

(Fig. 7). RELN-positive Cajal--Retzius arise from distinct

sources within the forebrain, including the dorsal midline

(cortical hem) and the corticostriatal border, and are

necessary for the proper ‘‘inside-out’’ neuronal migration

and connectivity of cortical neurons (Soriano and Del Rı́o

2005). Furthermore, our analysis of several markers of SP and

CP layer-specific projection neurons [BCL11B (CTIP2), CUTL1

(CUX1), FEZF2 (FEZL, ZNF312), FOXP2, POU3F2 (BRN2),

POU3F3 (BRN1), SMI-32, TBR1] (McEvilly et al. 2002; Ferland

et al. 2003; Chen et al. 2005; Hevner 2007; Molyneaux et al.

2007; Kwan et al. 2008; Leone et al. 2008) revealed that these

are expressed at the appropriate locations in both HPE group

A and B neocortex (Fig. 8 and Supplementary Table 4). These

findings suggest that the overall specification of cortical

projection neurons is not dramatically affected in the analyzed

HPE brains. Thus, our findings are consistent with previous

studies of HPE animal models, which showed that defects in

ventral or dorsal midline development do not severely affect

the specification of cortical progenitors and projection

neurons (Cheng et al. 2006; Rash and Grove 2007; Fernandes

and Hébert 2008).

Discussion

In the present study, we show that human cortical interneur-

ons, molecularly defined by the expression of NOS1, NPY, and

SST, are either absent or dramatically reduced in the cortex of

fetal and infant cases of HPE with severe ventral forebrain

(striatal) hypoplasia (HPE-B). Furthermore, we provide evi-

dence that PVALB-positive cortical interneurons, which nor-

mally are detected around the time of birth in the human

neocortex, might be depleted from late fetal and infant HPE-B

brains. However, because PVALB-positive interneurons appear

in the cortex after other analyzed subpopulations and only

small number of late fetal and infant cases have been analyzed

in this study, additional analyses are necessary to substantiate

this observation. Nevertheless, these results from late fetal and

infant cases are consistent with our findings on NOS1/NPY/

SST- and CALB2-positive cortical interneurons in HPE-B cases,

as CALB1 is coexpressed by these 2 subtypes of interneurons,

and PVALB-positive cortical interneurons arise from the MGE

progenitors like NOS1/NPY/SST-positive interneurons. In

contrast, CALB2-positive interneurons were present in appro-

priate locations and significant numbers in the neocortex and

hippocampus of all HPE cases, whereas CALB1-positive cortical

interneurons were present in late fetal and infant HPE cases,

even though in apparently reduced numbers. In addition, we

show that Cajal--Retzius neurons, SP neurons, and CP pro-

jection neurons are not as dramatically affected in these HPE

cases. Thus, our results indicate that development of NOS1/

NPY/SST-positive interneurons is consistently and dramatically

affected in human HPE with severe striatal hypoplasia.

Several lines of evidence suggests that the subpopulations of

cortical interneurons expressing NOS1(NADPH-d)/NPY/SST

are most likely lost in the HPE-B cases. First, all 3 of these

molecular markers are concomitantly absent from the cortex of

HPE-B brains. Second, their expression in the few remaining

interneurons of the hypoplastic ventral forebrain or at the

corticostriatal border is observed. And third, their absence

correlated consistently with ventral forebrain hypoplasia. It is

possible, though less likely, that cortical interneurons are

present in the HPE-B cortex, but have simultaneously lost

NOS1, NPY, and SST expressions. A more likely scenario is that

the ventral forebrain hypoplasia in these cases has led to

decreased generation and disrupted cortical migration of this

subpopulation of interneurons.

The consistent depletion of NOS1/NPY/SST-positive cortical

interneurons in all fetal and infant HPE-B cases with severe

striatal hypoplasia was concomitant with the dramatic

reduction in ventral forebrain cells expressing TITF1, whose

mouse homolog is expressed by MGE progenitors and MGE-

derived NOS1/NPY/SST interneurons (Wonders and Anderson

2006; Fishell 2007). Furthermore, these defects are reminiscent

Figure 7. Reelin-positive Cajal--Retzius cells are present in the neocortex of midfetal
HPE and age-matched control (Ctrl) brains. Subpial granular layer (SGL) and large
Cajal--Retzius neurons in the MZ, the prospective layer 1, are labeled by anti-reelin
antibody, in both HPE-1A and HPE-3B.
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of those found in Titf1-deficient mice, which lack this subtype

of striatal and cortical interneurons but not CALB2-positive

cortical interneurons (Pleasure et al. 2000). Interestingly, the

human TITF1 homolog has been suggested as a candidate gene

for HPE (Devriendt et al. 1998) and its haploinsufficiency causes

benign hereditary chorea, a movement disorder associated with

abnormal striatal interneurons (Breedveld et al. 2002). In

contrast, cells expressing DLX1/2 and ASCL1, markers of

different interneuronal progenitor cells, were readily observed

throughout the ventral and dorsal forebrain of all HPE and

control midfetal cases, indicating that these putative interneu-

ronal progenitors were less selectively affected in the same HPE

cases. Interestingly, in mice, Dlx1/2 and Ascl1 are necessary for

the development of Calb2-expressing cortical interneurons

(Anderson et al. 1997; Xu et al. 2004), which in our HPE cases

are not dramatically affected by severe ventral forebrain midline

and striatal hypoplasia. Thus, our results show that NOS1/NPY/

SST-positive cortical interneurons and related TITF1-positive

progenitors are selectively and consistently more affected in

HPE with ventral forebrain (striatal) hypoplasia. Furthermore,

these findings are consistent with the possibility that at least

a vast majority of NOS1/NPY/SST-positive interneurons are

generated by TITF1-positive progenitors in the ventral forebrain

and migrate dorsally into the cortex. Finally, this depletion of

cortical inhibitory interneurons provides a possible pathophys-

iological mechanism for motor deficiencies and seizures often

associated with HPE and characterize human HPE with severe

ventral forebrain hypoplasia as a developmental ‘‘interneuron-

opathy’’ (Kato and Dobyns 2005).

The results of this study offer insights into the developmental

origins of different cortical interneuron cell types. Consistent

with previous findings (Judas et al. 1999; Ulfig 2002;Meyer 2007),

we showed that molecularly defined cortical interneurons

exhibit a distinct temporal sequence in their generation,

migration routes, and differentiation during early human fetal

development. For example, immature CALB2-positive interneur-

ons with a migratory morphology were numerous in the lateral

and caudal ganglionic eminences, paleocortical periventricular

zone, and the subpial granular layer/MZ, and the subventricular

zone (SVZ), the cortex (Meyer 2007; data not shown). In

contrast, immature NOS1/NPY/SST-positive neocortical inter-

neurons with a migratory morphology first appear around 15 wg

in the neocortical SP and are scarce in the MZ or cortical SVZ

(Judas et al. 1999; data not shown). These differences in the

spatial distribution and molecular differentiation of these 2 main

subtypes of human cortical interneurons are accompanied with

differential distribution of markers associated with distinct

subtypes of interneuronal progenitors. As previously described

in the midfetal human and cynomolgus monkey, numerous

ASCL1-positive putative progenitor cells and CALB2-positive

interneurons are present in the dorsal pallial (cortical) pro-

liferative zones (Letinic et al. 2002; Zecevic et al. 2005; Petanjek

et al. 2008). Interestingly, our analysis revealed that ASCL1-

positive cells were present in all HPE brains including those

Figure 8. Immunohistochemical analysis of layer-enriched markers of neocortical projection neurons in midfetal, late fetal, and infant group B HPE brains and age-matched
control (Ctrll) brains. Tissue sections of the midfetal (a), late fetal (b), and infant (c) frontal neocortex were immunostained with antibodies against TBR1 (layer 6 and 5), BCL11B
(CTIP2) (layers 5 and 6), and POU3F2 (BRN2) (layers 2--5). Representative midfetal, late fetal, and infant HPE-B brains show a dense population of TBR1-positive neurons
bordering the SP; large BCL11B-positive neurons positioned immediately above, and POU3F2-positive neurons scattered from layers 2 to 5, suggesting the correct sequence and
development of the cortical layers. The black arrows point to coincident distribution of layers 5 and 6 projection neurons with glomerular structures formed by altered projection of
axons and dendrites. SGL, subpial granular layer.
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lacking cortical NOS1/NPY/SST interneurons. This finding is

consistent with the possibility that at least a portion of human

cortical interneurons expressing CALB2 is derived from neo-

cortical ASCL1 (MASH1)-positive progenitors as previously

described (Letinic et al. 2002). However, whether these ASCL1-

positive progenitors, which in mice are known to give rise to

both neuronal and glial cells (Kim et al. 2008), give rise to

interneurons in human within the cortical proliferative zones

during midfetal ages remains to be determined. Importantly, the

correlation between the selective absence of a particular subtype

of cortical interneurons and the disruption of TITF1-positive

MGE progenitors in human HPE with severe ventral forebrain

hypoplasia, together with the spatial and temporal differences in

localization and differentiation of molecularly defined cortical

interneurons in normal human fetal brain, suggests that different

interneuron subtypes are derived from distinct progenitors.

Our results also provide insights into how different in-

terneuron cell types may become more abundant during the

development of the human cortex. Humans and other primates

have a higher proportion of neocortical GABAergic neurons

compared with rodent species (Gabbott and Bacon 1996;

DeFelipe et al. 2006). Several studies indicate that this higher

proportion of GABAergic interneurons is accompanied with an

increase in molecular and morphological diversity and com-

plexity of cell types (Lewis and Lund 1990; Hof et al. 2000;

Preuss and Coleman 2002; DeFelipe et al. 2006). Though not

specific to primates, CALB2-expressing double bouquet inter-

neurons and tyrosine hydroxylase--expressing interneurons are

especially abundant in the human neocortex, where they are

thought to modulate the activity of a large variety of circuits

(DeFelipe et al. 2006; Benavides-Piccione and DeFelipe 2007).

Our findings are consistent with the possibility that develop-

mental increases in cell number and spatial extension of

specific interneuron progenitor pools, such as ASCL1-positive

cells, have led to the selective amplification and dispersion of

CALB2-positive, and perhaps other, interneurons in the

developing human cerebral cortex.

Taken together, our findings indicate that the diversity of

human cortical interneurons is established early during neuro-

genesis, with distinct subpopulations originating from spatially,

temporally, and molecularly segregated pools of progenitors.

Furthermore, our results are consistent with the possibility that

the dorsal expansion of cortical CALB2-positive interneurons

and the associated ASCL1-positive progenitor pool might

contribute to the increased diversity of cortical interneurons

and the formation of more elaborate cortical circuits in humans.
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Supplementary material can be found at: http://www.cercor.

oxfordjournals.org/
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SUPPLEMENTARY FIGURES LEGENDS 

Supplementary Figure 1. Analysis of neocortical cytoarchitecture in Ctrl and HPE-A and –B cases 

by Nissl staining. Progressive thickening and lamination of the neocortex at the level of the frontal 

lobe in control brains. (a), Mid-fetal neocortex is composed of three compartments: the cortical plate 

(CP) and overlying marginal zone (MZ), forerunners of the mature cortical layers 1-6, and the subplate 

(SP). The MZ is characterized by a low cell density. The subpial granular layer (SGL) is present above 

the MZ. The CP appears as an intensely stained structure composed of densely packed, elongated 

neuronal cell bodies forming radial columns. The SP is composed of less densely packed cell bodies of 

heterogeneous size, shape, and orientation. The border between SP and CP can be clearly delineated. 

(b), Late fetal neocortex is characterized by the immature six-layered Grundtypen cortex of Brodmann 

with prominent future layer 4 in the middle. (c), During infancy the neocortex exhibits a more mature 

six-layered laminar pattern with sharp borders between individual layers and progressive 

differentiation of the large pyramidal neurons in layer 5 (a-c), Nissl staining reveals a preservation of 

the basic neocortical organization and lamination pattern in brains with HPE. All main compartments 

of the neocortical wall (SGL, MZ, CP, SP, white matter, and periventricular proliferative zones) are 

present in HPE brains. The neocortices of brains with HPE are thicker than those of age-matched 

controls. Stratification of the dysplastic neocortex into distinct layers is present, but varies 

considerably among cases and regions. Glomerular structures (arrows) formed by altered axons and 

dendrites are present within the neocortex of some HPE cases. 
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Supplementary Table 1. Description of control human brains analyzed in this study. Note that over 

50 control brains not included in this table, ranging in age from 12 wg to newborn as well as different 

postnatal ages, were analyzed for NADPH-diaphorase staining, NOS1 immunohistochemistry, and 

some of the cell-type specific markers listed in Supplementary Table 3 (data not shown). AECOM, 

Albert Einstein College of Medicine Human Fetal Tissue Repository; BG, Basal ganglia; CIBR, 

Croatian Institute for Brain Research; Cryo, Cryopreserved; FFPE, Formalin fixed paraffin embedded; 

NA, Not available; ND, Not determined; OB, Olfactory bulb; PFA, Paraformaldehyde; TMIN, Tokyo 

Metropolitan Institute for Neuroscience; wg, weeks of gestation. 

 

Supplementary Table 2. Description of human HPE brains analyzed in this study. HPE cases are 

organized by: 1) developmental stage, from earlier to later stages; 2) state of ventral forebrain/striatal 

development, from well-differentiated (group A) to hypoplastic (group B); and 3) age, from the 

youngest to oldest individual. AECOM, Albert Einstein College of Medicine Human Fetal Tissue 

Repository; CIBR, Croatian Institute for Brain Research; Cryo, Cryopreserved; FFPE, Formalin fixed 

paraffin embedded; NA, Not available; ND, Not determined; OB, Olfactory bulb; PFA, 

Paraformaldehyde; Str, striatum; TMIN, Tokyo Metropolitan Institute for Neuroscience; wg, weeks of 

gestation.  

 

Supplementary Table 3. Description of all antibodies and in situ hybridization probes used in this 

study. 

 

Supplementary Table 4. Summary of all histochemical, immunohistochemical staining and in situ 

hybridizations performed in all HPE cases and age-matched control brains. HPE cases are organized 

by: 1) developmental stage, from earlier to later stages; 2) ventral telencephalon hypoplasia severity, 

from less severe (group A) to more severe (group B); and 3) age, from the youngest to the oldest 

individual. The classifications are based on at least two independent experiments in different age-

matched controls. The results were consistent from experiment to experiment. The degree of 

immunoreactivity is estimated within four levels: - indicates absence of positive cells; -/+ corresponds 
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to occasional positive cells; + corresponds to a low number of positive cells; ++ corresponds to a 

moderate number of positive cells; and +++ corresponds to a high number of positive cells. (a) 

Immunostaining for SMI32, a marker of differentiating layer 3 and 5 pyramidal neurons, appeared 

earlier in the mid-fetal HPE brains than in age-matched controls. (b) The first SST-positive 

interneurons appear around 21 to 22 wg in the control neocortex and striatum. (c) A small number of 

CALB1+, resembling Cajal-Retzius neurons, were present in the marginal zone of the hippocampus of 

mid-fetal control and HPE brains. (d) Even though PVALB-positive cortical interneurons should be 

present in the neocortex from 26-32 wg, in our control brains we can only  observe PVALB-positive 

cortical interneurons in infant control brains. Of all HPE-B brains only HPE-9B and -10B cases 

exhibited very scarse and morphologically aberrant PVALB-positive cells in the white matter. (e) 

Occasional TITF1+ cells were detected in the mid-fetal white matter, subventricular zone, and lower 

subplate. This expression pattern is consistent with the down regulation of mouse Titf1 expression in 

MGE-derived NOS1/NPY-positive interneurons migrating to the cortex (data not shown). (f) 

Occasional NADPH-d-reactive and NOS1/NPY-positive cells were detected in the striato-thalamic 

eminences of HPE-3B. (g) DLX1/2 immunostaining appears to be diminished in mid-fetal HPE cases 

in comparison to age-matched controls. However, no specific immunostaining pattern could be found 

in paraffin-embedded tissue sections from late fetal and infant HPE cases or age-matched controls. (h) 

Tissue sections containing the rudimentary striato-thalamic eminence of HPE-4B brains were used for 

other analyses. (i) The subpial granular layer normally disappears during the late fetal period and is 

not present in infancy. (j) NADPH-d histochemistry and SMI-32 immunostaining were performed on 

cryopreserved tissue sections of HPE-7A. These stainings did not work on tissue sections from 

paraffin-embedded blocks. (k) GABA immunohistochemistry did not produce a specific staining 

pattern on HPE-9B tissue, likely because of prolonged tissue fixation. Inc (Inconclusive), 

immunostaining with certain antibodies and NADPH-d histochemistry did not yield specific staining 

patterns using paraffin-embedded control or HPE tissue. NA, the striatum and brain stem from HPE-4 

were not available for this study. NT, not tested. 












