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ABSTRACT
The dorsal raphe nucleus (DR) contains serotonergic (5-

HT) neurons that project widely throughout the fore-

brain. These forebrain regions also receive innervation

from non–5-HT neurons in the DR. One of the main

groups of non–5-HT neurons in the DR is c-aminobuty-

ric acid (GABA)ergic, but their projections are poorly

understood due to the difficulty of labeling these neu-

rons immunohistochemically. To identify GABAergic pro-

jection neurons within the DR in the current study, we

used a knock-in mouse line in which expression of

green fluorescent protein (GFP) is controlled by the glu-

tamic acid decarboxylase (GAD)67 promotor. Projec-

tions of GAD67–GFP neurons to the prefrontal cortex

(PFC), nucleus accumbens (NAC), and lateral hypothala-

mus (LH) were evaluated by using retrograde tract trac-

ing. The location of GAD67–GFP neurons projecting to

each of these areas was mapped by rostrocaudal and

dorsoventral location within the DR. Overall, 16% of DR

neurons projecting to either the PFC or NAC were iden-

tified as GAD67–GFP neurons. GAD67–GFP neurons

projecting to the PFC were most commonly found ven-

trally, in the rostral two-thirds of the DR. NAC-projec-

ting GAD67–GFP neurons had an overlapping

distribution that extended dorsally. GAD67–GFP neu-

rons made a larger contribution to the projection of the

DR to the LH, accounting for 36% of retrogradely la-

beled neurons, and were widespread throughout the

DR. The current data indicate that DR GABAergic neu-

rons not only may have the capacity to influence local

network activity, but also make a notable contribution

to DR output to multiple forebrain targets. J. Comp.

Neurol. 520:4157–4167, 2012.
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periaqueductal gray

The dorsal raphe nucleus (DR), a part of the ventral

periaqueductal gray, is known to be a main source of fore-

brain serotonin (5-HT), whose dysregulation has been

associated with a variety of neuropathologies including

anxiety, depression, schizophrenia, and obsessive–com-

pulsive disorder (Neumeister et al., 2004; Hensler, 2006;

Ansorge et al., 2007). Serotonergic neurons within the DR

project extensively throughout the central nervous sys-

tem. The ascending tracts are complex, but topographi-

cally organized such that different forebrain regions are in-

nervated by 5-HT neurons that preferentially populate

distinct regions within the DR (for review, see Vasudeva

et al., 2011; Waselus et al., 2011). The topographic pro-

jection patterns of 5-HT neurons indicate that the regula-

tion of 5-HT release in the forebrain regions is likely to be

controlled by distinct groups of 5-HT neurons in the DR.

The DR also contains nonserotonergic neurons that

comprise about 50–75% of the neuronal population within

the DR (Moore, 1981; Descarries et al., 1982), and some

of these neurons are also known to project to forebrain

regions. Using rats with their 5-HT neurons chemically

lesioned, a recent anterograde tract-tracing study

reported dense innervation of non-5-HT neurons into the

extended amygdala and basal forebrain including the lat-

eral hypothalamus (Halberstadt and Balaban, 2008). Two

major groups of non–5-HT neurons in the DR are
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glutamate- or c-aminobutyric acid (GABA)-producing neu-

rons (Descarries et al., 1982; Brown et al., 2008; Fu

et al., 2010; Soiza-Reilly and Commons, 2011a,b). By

using both anterograde and retrograde tract tracing, Hioki

et al. (2010) demonstrated projections from vesicular glu-

tamate transporter 3 (VGLUT3)-expressing non-5-HT neu-

rons to the ventral tegmental area, substantia nigra pars

compacta, hypothalamic nuclei, and preoptic area. Also,

a fast, glutamatergic regulation of the hippocampus from

the median raphe nucleus has been demonstrated (Varga

et al., 2009).

Electrophysiological evidence has suggested a direct

GABAergic projection from the DR to the prefrontal cortex

(PFC) (Puig et al., 2005), yet the contribution of GABA

neurons to forebrain projections remains poorly under-

stood. In an attempt to improve the visualization of GABA

neurons in this study, we used a mouse line in which

green fluorescent protein (GFP) is knocked into the

GAD67 locus to specifically identify GABAergic neurons

(Tamamaki et al., 2003; Chen et al., 2010). Using this

mouse line, we examined the projections of GABA neu-

rons in the DR to three forebrain regions: the PFC, nu-

cleus accumbens (NAC), and lateral hypothalamus (LH).

The three regions were selected because they are known

to receive moderate to dense innervation from neurons in

the DR (Vertes, 1991) including non–5-HT neurons (Puig

et al., 2005; Halberstadt and Balaban, 2008). A retro-

grade tract tracer, Fluoro-gold (FG), was locally injected

into one of the three forebrain target regions, and the to-

pographical organization of GAD67–GFP neurons in the

DR projecting to the target regions were mapped by com-

bining immunolabeling for GFP and FG.

MATERIALS AND METHODS

Animals
A total of 22 mice were used in this study. GAD67–GFP

mice previously generated (Tamamaki et al., 2003) were

bred at the animal facility at the Children’s Hospital Bos-

ton. The phenotype of each mouse was identified by illu-

minating mice at postnatal day 1 or 2 with blue light to

detect green fluorescence in heterozygotic mice as previ-

ously described (Tamamaki et al., 2003). Mice were main-

tained on a 12-hour light/dark cycle with food and water

ad libitum. All procedures were approved by the Institu-

tional Care and Use Committee at Children’s Hospital

and were consistent with the National Institutes of Health

Guide for the Care and Use of Laboratory Animals.

Surgery
Mice (20–50 g; 4–6 weeks old) were anesthetized with

2–2.5 % isoflurane in air mixture administered through a

nose cone, and placed in a stereotaxic apparatus.

Throughout the surgery, anesthesia was maintained by

1.5–2 % isoflurane through a nose cone, and body temper-

ature was maintained by using a heating pad. The skin was

cut along the midline above bregma, and a hole was drilled

on the dorsal skull above the target regions. Four percent

FG (80014; Biotium, Hayward, CA), a retrograde tract

tracer, was manually injected via a 1-ll Hamilton syringe

(25s gauge; #7001; Hamilton, Reno, NV) into one of the

three brain regions at the following coordinates: PFC (ante-

rior–posterior [AP], þ1.7 mm; medial–lateral [ML], þ0.2

mm; dorsoventral [DV], �1.7 mm relative to bregma); NAC

(AP, þ1.4 mm; ML, þ1.2 mm; DV, �3.5 mm relative to

bregma); and LH (AP, �0.9 mm; ML, þ1.0 mm; DV, �4.5

mm relative to bregma). These coordinates were chosen

according to The Mouse Brain in Stereotaxic Coordinates

(Paxinos and Franklin, 2001). Each injection (0.05–0.07 ll)

was made over a 3-minute period, and the syringe was left

at the injection site for an additional 3 minutes to allow for

diffusion of the tracer. After the injection was completed,

the syringe was retracted from the brain, and the incisions

were sutured. Animals were kept on heating pads until

awake, and then returned to their home cage for recovery.

Tissue preparation
Approximately 6–7 days following surgery, mice were

deeply anesthetized with an overdose of sodium pento-

barbital (50 mg/kg, i.p.). Transcardial perfusion was

made with 4% paraformaldehyde in normal saline. Brains

were removed, placed in 4% paraformaldehyde for 24

hours, and cryoprotected in 30% sucrose in 0.1 M phos-

phate buffer for at least 2 days. Cryoprotected brains

were then frozen and sectioned in the coronal plane by

using a freezing microtome, and 40-lm free-floating cryo-

sections were further processed.

Abbreviations

Am amygdala
Cg1 cingulate cortex
CPu caudate putamen
DR Dorsal raphe
DR-C Caudal dorsal raphe
DR-MD Mid-dorsal subdivision of the dorsal raphe
DR-Mmlf Medial longitudinal fasciculus at the mid-level of the dorsal

raphe
DR-MV Mid-ventral subdivision of the dorsal raphe
DR-RD Rostral dorsal subdivision of the dorsal raphe
DR-Rmlf Medial longitudinal fasciculus at the rostral level of the

dorsal raphe
DR-RV Rostral ventral subdivision of the dorsal raphe
DTN Dorsal tegmental nuclei of Gudden
GABA c-Aminobutyric acid
GAD67–GFP Glutamic acid decarboxylase 67–GFP
GFP Green fluorescent protein
HP hippocampus
LH Lateral hypothalamus
mlf Medial longitudinal fasciculus
NAC Nucleus accumbens
NAcC nucleus accumbens core
NAcSh nucleus accumbens shell
PFC Prefrontal cortex
TPOH Tryptophan hydroxylase
xcsp decussation of the superior cerebral peduncle
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Immunofluorescence labeling
In order to examine the distribution of GAD67–GFP

neurons with respect to 5-HT neurons in the DR, double

immunolabeling of GFP and tryptophan hydroxylase

(TPOH), an enzyme involved in the synthesis of 5-HT, was

conducted. Primary antisera were diluted in 0.1 M phos-

phate-buffered saline (PBS) with 0.3% Triton X-100, 0.04%

bovine serum albumin, and 0.1% sodium azide. Free-float-

ing sections were incubated with a chicken polyclonal

anti-GFP antibody (1:500; GFP-1020; Aves Labs, Tigard,

OR) and a sheep polyclonal anti-TPOH (1:5000; AB1541;

Millipore, Billerica, MA) primary antibody overnight at

room temperature. After rinsing in 0.1 M PBS three times,

sections were incubated with CY2-conjugated donkey

anti-chicken, and CY5-conjugated donkey anti-sheep sec-

ondary antibodies (Jackson ImmunoResearch, West

Grove, PA) for 90 minutes at room temperature.

Although GFP and FG are fluorescent, GFP and FG

were double immunolabeled in order to improve detec-

tion. This was done by incubating free-floating sections

with a chicken polyclonal anti-GFP antibody and a rabbit

polyclonal anti-FG antibody (1:2,000; AB153; Millipore)

for 2 days at 4�C. Following three rinses in 0.1 M PBS, pri-

mary antisera were detected by using CY2-conjugated

donkey anti-chicken and CY3-conjugated donkey anti-

rabbit secondary antibodies (Jackson ImmunoResearch).

Sections were then washed in 0.1 M PBS, and mounted

onto glass slides and coverslipped with 90% glycerol-con-

taining mounting media.

Antibody characterization
The primary antibodies used are listed in Table 1.

1. Chicken anti-GFP (GFP-1020; Aves Labs). The anti-

body was raised in chickens that were immunized

with purified recombinant GFP emulsified in Freund’s

adjuvant (Aves Labs datasheet). Tan and colleagues

(2008) reported that the antibody stains virally

induced GFP-expressing neurons in adult rats. The

specificity of the antibody was previously confirmed

by the lack of staining in rat brain tissues not

infected with the virus (Tan et al., 2010).

2. Sheep anti-TPOH polyclonal antibody (AB1541; Milli-

pore). The antibody was affinity purified, and was

raised against a recombinant rabbit TPOH (Millipore

datasheet). It recognizes tryptophan hydroxylase (55

kDa) on western blots from rat DR (Millipore data-

sheet). A partial cross-reactivity with tyrosine hydrox-

ylase has been reported (manufacturer’s description;

Kaufling et al., 2009).

3. Rabbit anti-FG polyclonal antibody (AB153; Millipore).

Hydroxystilbamidine was used as the immunogen to

produce this antibody (manufacturer’s description).

Kaufling et al. (2009) showed that this antibody spe-

cifically identifies neurons containing the retrograde

tract tracer in rats that received stereotaxic injection

of FG. No immunolabeling was detected in animals

not injected with FG (Ito et al., 2007; Kaufling et al.,

2009).

Microscopy and image processing
Sections were imaged on an inverted spinning-disc

confocal microscope (Olympus IX81-DSU, Tokyo, Japan)

by using a Hamamatsu Orca ER camera with conventional

mercury bulb illumination and Slidebook software (3i).

The regions of interest were illuminated for each fluoro-

phore, and photographed. Neurons that were double

immunolabeled for GFP and FG were enumerated by visu-

alizing individual and merged images of each fluorophore.

The resulting images were exported to Adobe Photoshop

4.0 software (Adobe Systems, San Jose, CA) to further

adjust size, brightness by using ’adjustment brightness,’

and contrast by using ’adjustment curves’ for presenta-

tion in the figures.

Data analysis
The number of single-labeled FG-containing neurons

and double-labeled neurons expressing both GFP and FG

was counted in seven subregions in the DR (Fig. 1C,F,I).

The DR was divided along the anterior–posterior axis into

thirds based on the organization of 5-HT neurons: rostral

level was from �4.16 to �4.24 mm, middle level was

TABLE 1.

Primary antibodies

Antigen Immunogen Manufacturer Dilution

Green fluorescent protein (GFP) Purified recombinant GFP Aves Labs (Tigard, OR), chicken
polyclonal, GFP-1020

1:500

Fluoro-gold (FG) Hydroxystilbamidine Millipore (Billerica, MA),
rabbit polyclonal, AB153

1:2000

Tryptophan hydroxylase (TPOH) Recombinant rabbit tryptophan hydroxylase,
isolated as inclusion bodies from E. coli

Millipore {Billerica, MA),
sheep polyclonal, AB1541

1:5000

DR-GABAergic forebrain projections
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from �4.36 to �4.84 mm, and caudal level was from

�4.96 to �5.20 mm relative to Bregma (Paxinos & Frank-

lin, 2001). The rostral and middle levels were further di-

vided into dorsal, ventral, and medial longitudinal fascicu-

lus (mlf) zones, and the caudal level was divided into

dorsal and ventral subdivisions. On average, three fields

were photographed for each region of interest in each

mouse at 10, 20, and 60� magnification. For each

Figure 1
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mouse, every fourth section was analyzed, representing

two to three sections per region of interest. The location

of neurons containing FG or both FG and GFP in the

regions of interest was drawn by using Adobe Photoshop

4.0 software.

The percentage of neurons double-labeled with both

GFP and FG overall or per section/per subdivision was

calculated by dividing the number of neurons with both

GFP and FG by the total number of neurons with only FG

immunolabeling and FG with GFP immunolabeling. Group

mean percentage and standard error of the mean per-

centage were calculated overall or for each subregion,

accordingly. Repeated measures analysis of variance

(ANOVA; SPSS 14.0; Chicago, IL) was used to analyze

each subregion with REGION as a within-subject factor

and FG injection site (PFC, NAC, and LH) as a between-

subject factor. A significant interaction effect was fol-

lowed by one-way ANOVA, and post hoc Tukey’s honestly

significant difference (HSD) test with a threshold for sig-

nificance of P < 0.05 where appropriate.

RESULTS

GAD67–GFP distribution and organization in
the DR

The organization and projections of 5-HT neurons are

known to vary with their location within the DR (Vasudeva

et al., 2011; Waselus et al., 2011). Therefore, we studied

the distribution of GAD67–GFP neurons with respect to 5-

HT neurons to develop a scheme to describe the location

of projecting neurons within the DR. GAD67–GFP neurons

(green) were primarily located lateral to midline TPOH-

containing neurons (magenta) at all levels (Fig. 1A,D,G),

and only an occasional neuron was double immunola-

beled for both GFP and TPOH, consistent with previous

observations of the mouse ventral periaqueductal gray

(Brown et al., 2008; Fu et al., 2010). There were differen-

ces in the distribution of GAD67–GFP neurons along the

rostral–caudal axis (Fig. 1A,D,G) in that loosely organized

groups of neurons were visible within the rostral and mid-

dle third of the DR, and these groups differed from those

located within the caudal third of the nucleus.

Similarly in both the rostral (Fig. 1A,B) and middle (Fig.

1D,E) third of the DR, dorsal (DR-RD and DR-MD) and ven-

tral (DR-RV and DR-MV) clusters of GAD67–GFP neurons

were noted. The dorsally located GAD67–GFP neurons

tended to have a small diameter (approximately 10 lm)

and were dimly immunolabeled for GFP (Fig. 1J,L). More

ventrally located GAD67–GFP neurons were variable in

size (up to approximately 20 lm) and included more

intensely GFP-immunolabeled neurons (Fig. 1K,M,O).

Continuing ventrally, GAD67–GFP neurons were not

bounded by the mlf, but were found scattered within and

ventral to these fiber tracts (Fig. 1N). At the caudal pole

of the DR (Fig. 1G,H), this pattern shifted and most

GAD67–GFP neurons were densely packed within the

dorsal tegmental nuclei of Gudden (DTN; Fig. 1P), with a

few remaining GAD67–GFP neurons dispersed in the

vicinity (DR-C; Fig. 1Q,R). In our subsequent analysis, we

mapped the location of GAD67–GFP neurons with retro-

grade tract tracer with respect to these distribution

trends.

PFC-projecting neurons
FG microinjections into PFC were made in seven ani-

mals 1 week prior to perfusion. Three animals died during

surgeries, and thus were not further processed. Another

subject was also omitted from data analysis due to mis-

placement of the FG injection. In the remaining three

mice analyzed, the injection site was centered within

both the prelimbic and infralimbic cortices. (Fig. 2A

shows a representative case.) Although the injections

Figure 1. Distribution of GFP-expressing GAD67 neurons (green) with respect to TPOH-stained neurons (magenta) in the DR. A,B: In the

rostral third of the DR, a dorsal cluster of neurons dimly immunolabeled for GFP (arrows) and a ventral, more intensely labeled group

(dashed arrows) are present. GAD67–GFP-immunolabeled neurons continue ventrally, interspersed within fiber bundles of the mlf (arrow-

head). C: Reference schematic drawing showing landmarks used to plot the location of projecting GAD67–GFP neurons, with their abbrevi-

ations: DR-RD, rostral dorsal DR; DR-RV, rostral ventral DR; DR-Rmlf, rostral medial longitudinal fasciculus. D,E: In sections passing

through the middle third of the DR, again dorsal (arrows) and ventral (dashed arrows) groups of GAD67–GFP neurons are seen, as well as

those extending through the mlf (arrowhead). F: Reference schematic showing the middle dorsal (DR-MD), middle ventral (DR-MV), and

middle medial longitudinal fasciculus (DR-Mmlf). G,H: In the caudal third of the DR, packed GAD67–GFP neurons are visible within the dor-

sal tegmental nucleus of Gudden (DTN, double arrowhead), as well as dispersed in the surrounding neuropil. I: Reference schematic draw-

ing. J: GAD67-GFP neurons in the rostral and dorsal DR typically have small cell bodies (arrow). K: Rostral and ventral, GAD67–GFP

neurons can be more intensely labeled and are larger (dashed arrow). L: Higher magnification of round, GAD67–GFP neurons (arrow)

located dorsally. M: Many GAD67–GFP neurons located mid-ventral. N: GAD67–GFP neurons interspersed between fiber bundles (arrow-

head). O: GAD67–GFP neurons (dashed arrow) with variable morphology in mid-ventral (DR-MV). P: GAD67–GFP neurons packed in the

DTN (double arrowhead). Q: GAD67–GFP neurons dispersed caudally in the DR. R: Higher magnification of neurons located in the caudal

DR. Scale bar ¼ 100 lm in G (applies to A,D,G) and H (applies to B,E,H); 50 lm in P (applies to J,M,P) and Q (applies to K,N,Q); 10 lm

in R (applies to L,O,R). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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were restricted to the medial prefrontal cortex (mPFC), a

possibility of slight diffusion into surrounding areas

including the dorsal peduncular cortex and cingulate cor-

tex cannot be excluded. Although the needle tract was

identified, surrounding necrosis due to the FG injection

was not detected.

In sum, PFC-projecting neurons in the DR were

enriched in the rostral and middle third of the DR, and

overall 16% of the total number of projecting neurons

contained GAD67–GFP immunolabeling. The distribution

of projecting neurons with (black dots in Fig. 2F–H) and

without GAD67–GFP (gray dots in Fig. 2F–H) differed.

GAD67–GFP neurons that projected to the PFC were pref-

erentially interspersed between dense fibers of passage

in the mlf (Fig. 1N), and as such were located ventral to

many non-GAD67–GFP neurons projecting to the PFC

(Fig. 2G). Expressed as a percentage of the total number

of retrogradely labeled neurons in each subdivision, the

highest percentage of PFC-projecting neurons that were

GAD67–GFP was found in the DR-Mmlf (38.1 6 15%) and

in the DR-Rmlf (21.7 6 8.8%; Table 2). Overall, there were

few retrogradely labeled neurons, with or without

GAD67–GFP in the caudal third of the DR (Fig. 2H).

NAC-projecting neurons
A total of nine mice received unilateral FG microinjec-

tion into the NAC, and three of them were included in the

data analysis. In the excluded subjects, FG spread either

dorsally or caudally from the NAC, or no FG-labeled cells

were detected in the NAC. In the three animals that were

analyzed, the FG injection site encompassed both the

core and shell regions of the NAC (Fig. 3A).

GAD67–GFP neurons constituted a similar fraction of

the neurons projecting to the PFC and NAC (16% overall)

and had a partially overlapping distribution. The major dif-

ference between GAD67–GFP neurons projecting to the

NAC versus the PFC was that NAC-projecting GAD67–

GFP neurons were also prevalent within the ventral subdi-

vision of the middle third of the DR, i.e., dorsal to the loca-

tion of many PFC-projecting GAD67–GFP neurons.

GAD67–GFP neurons that were double labeled with GFP

Figure 2. Location of neurons projecting to the prefrontal cortex (PFC), with and without GAD67–GFP in the DR. A,B: A representative

image of FG injection in the PFC (arrow) with corresponding bran atlas section adapted from Paxinos and Franklin (2001). Drug diffusion

was restricted within the prelimbic (PrL) and infralimbic cortex (IL). C–E: Immunofluorescence labeling for GFP (green) and FG (magenta)

shows a double-labeled GAD67–GFP neurons (straight arrow) retrogradely labeled from the PFC. In addition, a neuron solely labeled for

GFP is visible (dashed arrow) in the mlf region of the DR. D and E show immunolabeling for GFP and FG, respectively; they are merged in

C. F–H: Schematic illustrations of brain sections showing distribution of PFC-projecting neurons that are either GAD67–GFP (black dots)

or non-GAD67–GFP (gray dots) at the rostral, middle, and caudal levels of the DR. Abbreviations: Cg1, cingulate cortex; CPu, caudate puta-

men; DTN, the dorsal tegmental nuclei of Gudden; mlf, medial longitudinal fasciculus; NAcC, nucleus accumbens core; NAcSh, nucleus

accumbens shell; xcsp, decussation of the superior cerebral peduncle. For other abbreviations, see list. Scale bar ¼ 1 mm in A; 20 micro-

meter in E (applies to C–E). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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and FG were most commonly found in the middle third of

the DR, particularly in the DR-MV and DR-Mmlf (Fig. 3G),

where they accounted for almost a third of NAC-projec-

ting neurons in each region: DR-MV (27.7 6 2.1%) and

DR-Mmlf (29.4 6 3.9%) (Table 2). GAD67–GFP neurons

projecting to the NAC in the caudal DR were rarely identi-

fied (Fig. 3H).

LH-projecting neurons
A total of six mice received unilateral FG microinjection

into LH. Two subjects were not included in the analysis as

FG extended too much into surrounding regions, and one

subject was excluded due to failure to detect FG in the

LH. Although the injection was localized in the LH (Fig.

4A), some FG may have extended into the anterior hypo-

thalamic area.

LH-projecting neurons with (black dots) and without

GAD67–GFP (gray dots) were widely distributed through-

out the DR along the whole anterior–posterior axis (Fig.

4F–H), and outnumbered both PFC- and NAC-projecting

neurons in the DR. In addition, GAD67–GFP neurons con-

stituted a greater fraction of the total number of projec-

ting neurons (36% on average). GAD67–GFP neurons pro-

jecting to the LH (black dots) were present in the highest

density in the DR-Rmlf (Fig. 4F), DR-Mmlf (Fig. 4G), and

DR-C (Fig. 4H). Mean percentages of the LH-projecting

GAD67–GFP neurons in these three regions were as fol-

lows: 54 6 8.4% in DR-Mmlf; 51.2 6 8.4% in DR-C; and

TABLE 2.

Average number (mean percentage) of FG-stained

forebrain-projecting GABA neurons in DR

PFC NAC LH

DR-RD 0.8 6 0.4 3.5 6 1.9 13 6 3
(4.4 6 1.7 %) (5.6 6 4.7 %) (20.2 6 2.4 %)

DR-RV 4.3 6 1.7 0.3 6 0.3 7.3 6 5.4
(15.8 6 6.4%) (2 6 1.9%) (20.7 6 13.4%)

DR-Rmlf 7.5 6 4.8 2.2 6 1.1 15 6 4.6
(21.7 6 8.8%) (7.3 6 3.8 %) (45 615.9%)

DR-MD 4 6 2 24 6 7.1 30 6 1.2
(6.2 6 3.2 %) (12.6 6 2.7%) (23.2 6 1.1%)

DR-MV 4.7 6 2.6 27 6 8.6 40 6 8.5
(8.1 6 5.8%) (27.7 6 2.1 %) (26.8 6 4.3%)

DR-Mmlf 13 6 5 11 6 5 55 6 3
(38.1 6 15%) (29.4 6 3.9 %) (54 6 8.4%)

DR-C 1.8 6 0.8 1.1 6 1.1 19.9 6 6.1
(9.8 6 5.8 %) (5 6 4.9 %) (51.2 6 8.4%)

For abbreviations, see list.

Figure 3. Distribution of DR neurons projecting to the nucleus accumbens (NAC), with and without GAD67–GFP. A,B: A representative

image showing FG injection in the NAC with corresponding brain atlas section adapted from Paxinos and Franklin (2001). FG diffused into

both the core (NAcC) and shell (NAcSh) regions of the NAC (arrow) surrounding the anterior commissure (aca). C–E: An example of NAC-

projecting GAD67–GFP neurons (straight arrow) double labeled for GFP (green) and FG (magenta). An adjacent GAD67–GFP neuron

(dashed arrow) lacks immunolabeling for FG. Immunolabeling for GFP and FG observed individually in D and E, respectively. F–H: Sche-

matic illustrations of the distribution of NAC-projecting neurons that contain GAD67–GFP (black dots) or lack GAD67–GFP (gray dots) in

the rostral, middle, and caudal DR. For abbreviations, see list. Scale bar ¼ 1 mm in A; 20 micrometer in E (applies to C–E). [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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45 6 15.9% in DR-Rmlf (Table 2). Notably, unlike the

other GAD67–GFP neurons projecting to either the PFC

or NAC, LH-projecting GAD67–GFP neurons were densely

distributed at the caudal level including the ventral part

of the DTN (Fig. 4H).

Mean percentage of forebrain-projecting
GAD67–GFP neurons in each subdivision in
the DR

There were region-specific differences in the propor-

tion of GAD67–GFP neurons projecting to the three fore-

brain target regions examined (Fig. 5). Repeated meas-

ures ANOVA revealed significant main effects of REGION

within the DR (F(7,14) ¼ 5.89, P < 0.01), FG injection

site (F(2,6) ¼ 23.12, P < 0.01), and a significant interac-

tion between the two factors (F(14,42) ¼ 1.98, P < 0.05).

Further simpler test using one-way ANOVA showed signif-

icant group difference among the three target injection

sites in the DR-RD (F(2, 6) ¼ 7.92, P < 0.05), DR-MD

(F(2,6) ¼ 11.93, P < 0.01), DR-MV (F(2,6) ¼ 6.44, P <

0.05), and DR-C (F(2,6) ¼ 14.80, P < 0.01). Post hoc

Tukey’s HSD test revealed that the mean percentage of

GAD67–GFP neurons projecting to the LH was signifi-

cantly higher than those projecting to either the PFC or

NAC in the DR-RD, and DR-C (P < 0.05). In the DR-MD

and DR-MV, the mean percentage of GAD67–GFP neu-

rons projecting to the PFC was significantly lower than

that projecting to the LH and NAC, respectively (Fig. 5).

DISCUSSION

GAD67–GFP neurons are located lateral to midline 5-

HT neurons in the DR and appear organized in loose

Figure 4. Distribution of neurons projecting to the lateral hypothalamus (LH) with and without GAD67–GFP. A,B: FG diffusion was re-

stricted in the LH (arrow) as shown in the representative image with corresponding brain atlas section adapted from Paxinos and Franklin

(2001). C–E: GAD67–GFP neurons projecting to the LH (straight arrows) were double labeled with both GFP (green) and FG (magenta),

whereas other GAD67–GFP neurons not projecting to the LH (dashed arrow) are labeled with GFP only. A neuron projecting to the LH lack-

ing GAD67–GFP (arrowhead) is also visible. F–H: Schematic illustration showing the locations of LH-projecting GAD67–GFP (black dots) and

non-GAD67–GFP neurons (gray dots) in the rostral, middle, and caudal levels of the DR, respectively. Abbreviations: Am, amygdala; HP, hippo-

campus; LH, lateral hypothalamus. For other abbreviations, see list. Scale bar ¼ 1 mm in A; 20 micrometer in E (applies to C–E). [Color fig-

ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. Mean percentage of the total numbers of neurons pro-

jecting to each target region that were double immunolabeled for

GAD67–GFP, calculated for each subdivision of the DR examined.

Mean percentage of GAD67–GFP neurons in each subdivision pro-

jecting to the PFC, NAC, or LH are denoted in white, gray, and

black bars, respectively. Asterisks denote significant group differ-

ences. For abbreviations, see list.
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clusters along the dorsoventral axis. Depending on their

location, GAD67–GFP neurons also displayed trends for

selective projections to the forebrain. The retrograde

tract-tracing findings revealed that the three target

regions are innervated by populations of GAD67–GFP

neurons from partially overlapping regions within the DR:

the PFC was mostly innervated by GAD67–GFP neurons,

particularly ventral, intermingling with the mlf at both the

rostral and mid-levels of the DR (DR-Rmlf and DR-Mmlf);

the NAC received projections primarily from GAD67–GFP

neurons in the same and slightly dorsal locations (DR-MV

and DR-Mmlf); and the LH was the most densely inner-

vated region by GAD67–GFP neurons that were distrib-

uted throughout the DR subdivisions, but particularly at

DR-Rmlf, DR-Mmlf, and DR-C. These results indicate that

a notable minority of the ascending projections from the

DR to the forebrain arise from GABAergic neurons.

Methodological considerations
The retrograde tract tracer FG has been widely used to

study neuronal projections in many brain areas (Petrovich

et al., 2005; Mascagni and McDonald, 2009; Bubar et al.,

2011). Due to the history of FG use, the technical limita-

tions are well established, and contribute to the potential

for both false-positive and false-negative error. False-pos-

itive error may be created by the spread of FG to neigh-

boring areas as well as the potential for uptake by fibers

of passage, particularly when large injection volumes are

used and tissue damage is visible at the site of injection.

False-negative error leading to the underdetection of pro-

jecting neurons is also possible. Incomplete filling of the

target area with FG may cause underdetection. In addi-

tion, FG may have negative effects on translation in neu-

rons that reduce the ability to detect other markers within

the same cells (Franklin and Druhan, 2000). This later

effect is also associated with large injection volumes and

neurotoxicity at the site of injection.

In the GAD67–GFP mouse line we used, GFP is

knocked into the GAD67 locus, such that it is under the

control of the same proximal and distal transcriptional

regulatory elements as endogenous GAD67 and therefore

should have high-fidelity expression in these neurons.

Indeed, using the same mouse line, previous studies of

GFP expression in the mesencephalon have reported

>96% concordance between GFP-containing neurons and

those that were immunolabeled for GABA (Brown et al.,

2008). GAD67–GFP neurons were found not only in the

DR and adjacent periaqueductal gray, but also within the

fiber bundles of the mlf and ventral locations, consistent

with the previous observations (Brown et al., 2008; Fu

et al., 2010). This is consistent with the observation that

the mlf does not mark a functional boundary within this

region (Holstege, 1991).

PFC-projecting GAD67–GFP neurons in the DR
The rostral and middle third of the DR is known to pro-

vide a substantial projection to the PFC (Sarter and Mar-

kowitsch, 1984; Waterhouse et al., 1986; Vertes, 1991),

and our results indicate that GAD67–GFP neurons con-

tribute to this projection. Among the retrogradely labeled

DR neurons projecting to the PFC, 16% were identified as

GAD67–GFP neurons. In the rat, studies using antero-

grade tract tracing have suggested that the PFC projec-

tion from the DR almost entirely arises from 5-HT neurons

(Kosofsky and Molliver, 1987; Halberstadt and Balaban,

2008). However, retrograde tract-tracing studies have

suggested a greater participation of non–5-HT neurons in

this pathway (Van Bockstaele et al., 1993). These obser-

vations may be resolved, at least in part, by the extreme

ventral location of GAD67–GFP neurons projecting to the

Figure 6. Schematic illustrations showing the locations of GAD67–GFP neurons projecting to each target region examined at the rostral

(A), mid (B), and caudal (C) levels of the DR. Within both the rostral (A) and middle third of the DR (B), NAC-projecting GAD67–GFP neu-

rons (black triangles, arrows) tended to be located dorsal to PFC-projecting GAD67–GFP neurons (dark gray squares, dashed arrows) that

were mostly located in the mlf region. LH-projecting GAD67–GFP neurons (light gray circles) were distributed throughout the DR subdivi-

sions. At the caudal level (C), GAD67–GFP neurons primarily projected to the LH. For abbreviations, see list.
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PFC from the DR, that is, interspersed within the mlf at

both the rostral and middle levels of the DR (Fig. 2F–H).

Therefore, these neurons could be underdetected by an-

terograde studies with more restricted injection sites.

The dual GABAergic and 5-HT nature of the projection

from the DR to the PFC is consistent with previous elec-

trophysiology showing that electrical stimulation of DR

produces a short latency inhibition of pyramidal neurons

in the medial PFC through both GABAergic and 5-HT

mechanisms (Puig et al., 2005).

NAC-projecting GAD67–GFP neurons in the DR
GAD67–GFP neurons also made a contribution of DR

projections to the NAC, constituting 16% of the DR neu-

rons projecting to this area. When detected, GAD67–GFP

NAC-projecting neurons were preferentially located in the

ventral subdivision of the middle third of the DR, overlap-

ping and slightly dorsal to the location of most GAD67–

GFP neurons projecting to the PFC. 5-HT is thought to

presynaptically facilitate dopamine release in the NAC,

with the potential to influence motivated behaviors (De

Deurwaerdère et al., 1998). Although the effect of DR

stimulation appears largely dependent on 5-HT neurotrans-

mission (De Deurwaerdère et al., 1998), previous retro-

grade tract-tracing studies in rats suggested the possibility

of a non–5-HT projection to the NAC (Van Bockstaele

et al., 1993; Chang et al., 2011). Taken together, these

data would support the contribution of DR GABA neurons

to the ascending projection to the NAC; however, the func-

tional role of this pathway remains to be established.

LH-projecting GAD67–GFP neurons in the DR
Among the three forebrain-target regions examined in

this study, retrograde tract tracing from the LH identified

the greatest number of GAD67–GFP and non-GAD67–

GFP neurons within the DR. The total number of FG-

stained neurons outnumbered those projecting to either

the PFC or NAC in all subdivisions of the DR examined, as

did the fractional contribution of GAD67–GFP neurons

(36%). This observation is consistent with previous an-

terograde tract-tracing studies in 5-HT–depleted rats that

reported dense projections of non–5-HT neurons from

the DR to the LH (Halberstadt and Balaban, 2008). How-

ever, we cannot exclude the possibility that the identified

neurons in the DR, which either ramify within or pass

through the LH, provide collateralized projections to addi-

tional forebrain targets, because a large number of

ascending tracts from the DR pass through this area

(Steinbusch, 1984).

What distinguished GAD67–GFP neurons that project

to the LH was their greater distribution to dorsal and cau-

dal areas within the DRN in comparison to GABAergic

neurons identified to be projecting to the PFC or NAC

(Fig. 6). These included neurons located dorsolateral in

the middle DR, in an area that may be analogous to the

location of GABAergic neurons that have activated Fos

expression after swim stress (Roche et al., 2003), con-

sistent with the role of the LH in stress (Seta et al.,

2001). At the caudal pole of the DRN, GABAergic neurons

within the DTN were also identified with retrograde tract

tracing from the LH. The DTN is known to send GABAergic

projections to the lateral mammillary nucleus (Wirtshafter

and Stratford, 1993) and has been implicated in generat-

ing head-direction information via links to the mammillary

nucleus (Bassett et al., 2007). The current data would

suggest that the ventral DTN also provides projections to

the LH, rostral to the mammillary nucleus, with an

unknown functional importance.

CONCLUSIONS

Taken together with previous studies, these data suggest

that GABAergic neurons in the DR, similar to VGLUT3 gluta-

matergic neurons, have the capacity to both influence local

network activity and contribute to forebrain output. There-

fore, output of the DR may not only vary in its frequency

and amplitude of activation, but also in its neurochemical

content. Although these data add to the complexity of the

DR, they may ultimately contribute to a better understand-

ing of how the DR regulates forebrain function.
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