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ABSTRACT
Multiple lines of evidence document a role for glutama-

tergic input to the hypothalamic paraventricular nucleus

(PVH) in stress-induced activation of the hypothalamic-

pituitary-adrenocortical (HPA) axis. However, the neuro-

anatomical origins of the glutamatergic input have yet

to be definitively determined. We have previously shown

that vesicular glutamate transporter 2 (VGLUT2) is the

predominant VGLUT isoform expressed in the basal

forebrain and brainstem, including PVH-projecting

regions, and that the PVH is preferentially innervated

by VGLUT2-immunoreactive terminals/boutons. The

present study employed a dual-labeling approach, com-

bining immunolabeling for a retrograde tract tracer, Flu-

oro-Gold (FG), with in situ hybridization for VGLUT2

mRNA, to map the brainstem and caudal forebrain dis-

tribution of glutamatergic PVH-projecting neurons. The

present report presents evidence for substantial dual

labeling in the periaqueductal gray, caudal portions of

the zona incerta and subparafascicular nucleus, and the

lateral parabrachial nucleus. The current data also

suggest that relatively few PVH-projecting neurons in

ascending raphe nuclei, nucleus of the solitary tract, or

ventrolateral medulla are VGLUT2 positive. The data

reveal multiple brainstem origins of glutamatergic input

to PVH that are positioned to play a role in transducing

a diverse range of stressful stimuli. J. Comp. Neurol.

520:2369–2394, 2012.
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The hypothalamic-pituitary-adrenocortical (HPA) axis

generates glucocorticoid responses to a wide range of

stressful stimuli, i.e., challenges that entail a physiologi-

cal responses and necessitate mobilization of energy

stores and adaptive functional changes in the periphery

and in the brain. Most stressful stimuli, whether princi-

pally physiological challenges (e.g., hypoglycemia, cold,

exercise) or primarily ‘‘psychogenic’’ in nature (e.g., pred-

ator/conspecific threats, foot shock, restraint, novel

environment) involve transduction by CNS pathways that

ultimately converge on the hypophysiotropic neurons of

the hypothalamic paraventricular nucleus (PVH; Antoni,

1986; Herman et al., 2003; Sawchenko et al., 1996,

2000; Whitnall, 1993; Ziegler and Herman, 2002).

Commensurate with this diversity of neuroanatomical

pathways encoding different classes of stress-related

activity, PVH neurons receive diverse neurochemical

input, mediating postsynaptic excitation or inhibition

(Herman et al., 2003).

While (nor)adrenergic innervation of the PVH by the

A1/C1 and A2/C2 cell groups is well documented as a

major excitatory input underlying the transduction of

interoceptive stressors (Morilak et al., 2005; Sawchenko

et al., 1996, 2000), multiple lines of evidence also point

to glutamatergic innervation as an important class of

excitatory input to the PVH. Early ultrastructural evidence

confirmed glutamate immunopositive synaptic vesicles at

asymmetric synapses within the PVH (Bartanusz et al.,

2004; Decavel and Van den Pol, 1992; Van den Pol,

1990, 1991), suggesting that glutamate may account for

as much as 50% of all synapses within the nucleus

(Van den Pol, 1991). This report was followed by studies

showing glutamate receptor binding and mRNA and pro-

tein expression for glutamate receptor subunits in the

PVH (Al-Ghoul et al., 1997; Aubry et al., 1996; Eyigor
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Abbreviations

AHA anterior hypothalamic area
AHAc anterior hypothalamic area, central
AHAp anterior hypothalamic area, posterior
AMBd nucleus ambiguous, dorsal division
AMBv nucleus ambiguous, ventral division
AMv anteromedial
AP area postrema
APN anterior pretectal nucleus
AQ cerebral aqueduct
AQc cerebral aqueduct, collicular recess
ARH arcuate nucleus of hypothalamus
B Barrington’s nucleus
bic brachium of the inferior colliculus
bsc brachium of the superior colliculus
C central canal
CENT2b central lobule, lubule II, sublobule b
CENT3a central lobule, lubule III, sublobule a
cic inferior colliculus commissure
COM periaqueductal gray, commissural nucleus
cpd cerebral peduncle
csc superior colliculus commissure
CSl central superior nucleus raph�e, lateral
CSm central superior nucleus raph�e, medial
cst corticospinal tract
CU cuneate nucleus
cuf cuneate fascicle
CUL culmen
CUN cuneiform nucleus
dcn deep cerebellar nuclei
DMX dorsal motor nucleus of the vagus nerve
DR nucleus raphe dorsal
DTN dorsal tegmental nucleus
ECU external cuneate nucleus
em external medullary lamina thalamus
EW Edinger-Westphal nucleus
FF fields of forel
Fr fasciculus retroflexus
fx fornix
GRN gigantocellular reticular nucleus
Hab habenular nuclei
hbc habenular commissure
IC inferior colliculus
ICc inferior colliculus, central nucleus
ICd inferior colliculus, dorsal nucleus
ICe inferior colliculus, external nucleus
icp inferior cerebellar peduncle
IF interfascicular nucleus raph�e
IGL intergeniculate leaflet (of LG)
IO inferior olivary complex
IPN interpeduncular nucleus
IVn trochlear nerve
KF K€olliker-Fuse subnucleus (of PB)
LC locus coeruleus
LDT laterodorsal tegmental nucleus
LGd lateral geniculate, dorsal
LGvl lateral geniculate, ventrolateral
LGvm lateral geniculate, ventromedial
LHA lateral hypothalamic area
LHAjp lateral hypothalamic area, juxtaparaventric.
LHAjvv lateral hypothal. area, juxtaventromedial
LHAp lateral hypothalamic area, posterior region
LIN linear nucleus medulla
ll lateral lemniscus
LM lateral mammillary nucleus
LP lateral posterior nucleus of thalamus
LRNm lateral reticular nucleus, magnocellular
LRNp lateral reticular nucleus, parvicellular
LTN lateral tegmental nucleus
MARN magnocellular reticular nucleus, ventral
mcp middle cerebellar peduncle
MDRNv medullary reticular nucleus, ventral
ME median eminence
MEex median eminence, external lamina
MEin median eminence, internal lamina
MEV midbrain trigeminal nucleus
MGd medial geniculate complex, dorsal
MGl medial geniculate complex, lateral
MGm medial geniculate complex, medial
MGv medial geniculate complex, ventral
MH medial habenula
ml medial lemniscus
mlf medial longitudinal fascicule

MM medial mammillary nucleus, body
MMme medial mammillary nucleus, medial
moV motor root of the trigeminal nerve
mp mammillary peduncle
MPT medial pretectal area
MR nucleus raphe median
MRNm midbrain reticular nucleus, magnocellular
mtg mammillotegmental tract
MV medial vestibular nucleus
ND nucleus of Darkschewitsch
NId nucleus incertus, dorsal
NIS nucleus intercalatus
NLLd nucleus of the lateral lemniscus, dorsal
NLLh nucleus of the lateral lemniscus, horizontal
NLLv nucleus of the lateral lemniscus, ventral
NOT nucleus of the optic tract
NPC nucleus of the posterior commissure
NR nucleus of Roller
NTB nucleus of the trapezoid body
NTSce nucleus of the solitary tract, central
NTSco nucleus of the solitary tract, commissural
NTSge nucleus of the solitary tract, gelatinous
NTSl nucleus of the solitary tract, lateral
NTSm nucleus of the solitary tract, medial
OP olivary pretectal nucleus
opt optic tract
PAG periaqueductal gray
PAGd periaqueductal gray, dorsal division
PAGm periaqueductal gray, medial division
PAGrl periaqueductal gray, rostrolateral division
PAGrm periaqueductal gray, rostromedial division
PAGvl periaqueductal gray, ventrolateral division
PARN parvicellular reticular nucleus
PAS parasolitary nucleus
PAT paratrigeminal nucleus
PBlc parabrachial nucleus, central lateral
PBld parabrachial nucleus, dorsal lateral
PBle parabrachial nucleus, external lateral
PBls parabrachial nucleus, superior lateral
PBlv parabrachial nucleus, ventral lateral
PBmm parabrachial nucleus, medial medial
pc posterior commissure
PCG pontine central gray
PF parafascicular nucleus thalamus
PG pontine gray
PGRNl paragigantocellular reticular nucleus, lateral
PH posterior hypothalamic nucleus
pm principal mammillary tract
PMR paramedian reticular nucleus
PO posterior complex thalamus
POL posterior limiting nucleus thalamus
POR periolivary nuclei
PP peripeduncular nucleus
PPN pedunculopontine nucleus
PPT posterior pretectal nucleus
PRC precommissural nucleus, periaqueductal gray
PRNc pontine reticular nucleus, caudal
PRNr pontine reticular nucleus, rostral
PSV principal sensory nucleus of the trigeminal
PVH paraventricular nucleus of hypothalamus
PVHdp PVH dorsal parvicellular
PVHlp PVH lateral parvicellular
PVHmpd PVH medial parvicellular, dorsal part
PVHmpv PVH medial parvicellular, ventral part
PVHpml PVH posterior magnocellular, lateral
PVHpv PVH periventricular part
PVi periventricular hypothalamus, intermediate
py pyramid
RE reunions nucleus of thalamus
RH rhomboid nucleus of thalamus
RL rostral linear nucleus raphe
RM nucleus raphe magnus
RMVE rostral medullary velum
RN red nucleus
RO nucleus raphe obscurus
RPA nucleus raphe pallidus
RPO nucleus raphe pontis
Rust rubrospinal tract
SBPV subparaventricular zone of hypothalamus
SCdg superior colliculus, deep gray layer
SCdw superior colliculus, deep white layer
SCig superior colliculus, intermediate gray layer, a–c
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et al., 2001, 2005; Herman et al., 2000; Khan et al.,

2000; Kiss et al., 1996; Mateos et al., 1998; Oliver et al.,

1996; Petralia and Wenthold, 1996; Sato et al., 1993;

Tasker et al., 1998; Van den Pol et al., 1994; Ziegler

et al., 2005). In addition to these anatomical data, elec-

trophysiological data from cultured slices have docu-

mented functional excitatory responses of PVH neurons

to glutamatergic input (Bartanusz et al., 2004; Boudaba

et al., 1997; Daftary et al., 1998, 2000; Van den Pol et al.,

1990, 1996; Wuarin and Dudek, 1991) and in vivo studies

involving glutamate or glutamate receptor antagonist

microinjections in the PVH led to stimulation/inhibition of

the HPA axis at the level of corticotropin-releasing hor-

mone (CRH), adrenocorticotropic hormone (ACTH), and

corticosterone secretion (Cole and Sawchenko, 2002).

Previous tract-tracing studies have catalogued a set of

CNS regions with direct projections to the PVH, as

reviewed in detail elsewhere (Herman et al., 2003; Saw-

chenko et al., 1996, 2000; Swanson, 1987; Swanson and

Sawchenko, 1983; Ziegler and Herman, 2002). However,

until recently, it was not technically feasible to determine

which PVH afferent regions supply glutamatergic input

because of the lack of specific markers for glutamatergic

neurons prior to the recent identification of the vesicular

glutamate transporter protein family (VGLUT1–3). One

earlier study investigated the origins of glutamatergic

innervation of the PVH using retrograde tracing with 3H-

D-aspartate (Csaki et al., 2000), based on its ostensible

uptake at the terminal by high-affinity glutamate/aspar-

tate reuptake transporters on the presynaptic membrane

(Rothstein et al., 1994; Storm-Mathisen et al., 1995), and

reported putative glutamatergic PVH-projecting neurons

in several forebrain areas. However, the significance of

this report is limited by 1) lack of cases with tracer place-

ment filling the medial parvocellular (adenohypohysio-

tropic) subdivision; 2) lack of retrograde labeling in brain-

stem regions; and, most importantly, 3) uncertainty

regarding tracer uptake by glutamatergic terminals fol-

lowing reports of possible uptake by c-aminobutyric acid

(GABA)-ergic neurons (Furuta et al., 1997a,b; Kugler and

Schmitt, 1999; Rothstein et al., 1994; Velaz-Faircloth

et al., 1996).

The VGLUT1 and VGLUT2 genes were cloned and iden-

tified as brain homologs of peripheral inorganic phos-

phate transporters that (in the CNS) show specific vesicu-

lar transport of glutamate (i.e., much lower transport of

aspartate and no transport of GABA or glycine), with the

same electrochemical biophysical profile (transport

driven by an ATP-dependent electrochemical gradient)

previously reported in vitro for the putative vesicular glu-

tamate transporter protein isolated from brain homoge-

nate (Aihara et al., 2000; Bai et al., 2001; Bellocchio

et al., 1998, 2000; Fremeau et al., 2001; Hayashi et al.,

2001; Ni et al., 1994, 1995; Ozkan and Ueda, 1998; Taka-

mori et al., 2000; Varoqui et al., 2002), and are specifi-

cally localized to the vesicular compartment (Bellocchio

et al., 1998, 2000; Fujiyama et al., 2001; Hayashi et al.,

2001; Takamori et al., 2000). Furthermore, dual-labeling

tests for the expression of VGLUT1 and VGLUT2 in

GABAergic neuron cell bodies or terminals in cultured

neurons or in the hypothalamus have shown that these

markers do not colocalize (Fujiyama et al., 2001; Ziegler

et al., 2002), and ultrastructural analyses confirm local-

ization selectively to asymmetric (putatively excitatory)

Abbreviations (Continued)

SCop superior colliculus, optic layer
SCsg superior colliculus, superficial gray layer
SCzo superior colliculus, zonal layer
SCO subcommissural organ
scp superior cerebellar peduncle
sctv ventral spinal cerebellar tract
SGN suprageniculate nucleus
SLC subceruleus nucleus
SLD sublaterodorsal nucleus
smd supramammillary decussation
SNc substantia nigra, compacta
SNr substantia nigra, reticulata
SOCl superior olivary complex, lateral
SOCm superior olivary complex, medial
SPF subparafascicular nucleus thalamus
SPFpl SPF, parvicellular, lateral
SPFpm SPF, parvicellular, medial
SPlV spinal vestibular nucleus
sptV spinal tract of the trigeminal
SPVC spinal nucleus of the trigeminal, central
SPVI spinal nucleus of the trigeminal, interpolar
SPVO spinal nucleus of the trigeminal, oral
SUMl supramammillary nucleus, lateral
SUMm supramammillary nucleus, medial
SUT supratrigeminal nucleus
SUV superior vestibular nucleus

sV sensory root of the trigeminal nerve
tb trapezoid body
Thal thalamus
TMv tuberomammillary nucleus, ventral
TRN tegmental reticular nucleus, pontine gray
ts solitary tract
tsp tectospinal pathway
TUsv tuberal nucleus hypothal., subparaventricular
V3h 3rd ventricle, hypothalamic
V3m 3rd ventricle, mammillary recess
V4 fourth ventricle proper
VCOa ventral cochlear nucleus, anterior
VIIn facial nerve
VIIIn vestibulocochlear nerve
Vma motor nucleus of the trigeminal nerve, magno.
VMH ventromedial nucleus of hypothalamus
VMHa VMH, anterior part
Vn trigeminal nerve
Vpc motor nucleus of the trigeminal nerve, parvi.
VPL ventral posterolateral nucleus thalamus
VPM ventral posteromedial nucleus thalamus
VTA ventral tegmental area
VTN ventral tegmental nucleus
XII hypoglossal nucleus
z nucleus z
ZI zona incerta
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synapses (Bellocchio et al., 1998; Boulland et al., 2009;

Fujiyama et al., 2001; Kaneko et al., 2002). Initial studies

of the gross CNS distributions of VGLUT1/2 mRNA

revealed largely nonoverlapping and complementary dis-

tributions, with VGLUT1 predominating in the telencepha-

lon and cerebellar cortex, whereas VGLUT2 is the domi-

nant isoform in the diencephalon, brainstem, and deep

cerebellar nuclei (Aihara et al., 2000; Bellocchio et al.,

1998; Fremeau et al., 2001; Hisano et al., 2002; Kaneko

and Fujiyama, 2002; Ni et al., 1994, 1995).

More recently, neuroanatomically detailed investiga-

tions of VGLUT2 mRNA distribution have documented

VGLUT2 mRNA in almost all brain regions known to con-

tain PVH-projecting neurons, including medial and lateral

septum, some preoptic nuclei, most hypothalamic nuclei,

thalamic paraventricular nucleus, periaqueductal gray,

laterodorsal tegmental nucleus, parabrachial area, and

pedunculopontine nucleus and within the A1/A2 norad-

renergic cell groups and C1–C3 noradrenergic cell groups

(Barroso-Chinea et al., 2007; Collin et al., 2003; Hisano

et al., 2000; Hrabovszky et al., 2005; Hur and Zaborszky,

2005; Kiss et al., 2007; Lin et al., 2003; Stornetta et al.,

2002; Wang and Morales, 2009; Ziegler et al., 2002).

Moreover, immunohistochemical studies have confirmed

the presence of VGLUT2-immunoreactive terminals and/

or synapses in the PVH, and dual-labeling analyses have

found VGLUT2-positive boutons in apposition to CRH-pos-

itive PVH neurons (Wittmann et al., 2005; Ziegler et al.,

2005). In contrast, the PVH lacks innervation by VGLUT1-

immunoreactive fibers or terminals (Kaneko et al., 2002;

Ziegler et al., 2005), consistent with the low-to-negative

VGLUT1 mRNA expression in brain regions known to pro-

ject the PVH (i.e., in basal forebrain, diencephalon, and

brainstem; see references cited above).

Thus, with the emergence of VGLUT2 as the dominant

glutamatergic marker expressed within brain regions

known to project to the PVH, mapping the neuroantomi-

cal distribution of glutamatergic PVH-projecting neurons

is achievable through a dual-label approach combining

retrograde tract tracing and in situ hybridization for

VGLUT2 as a neuronal soma marker. Accordingly, our

group has performed such an analysis of forebrain sour-

ces of glutamatergic input to the PVH (Ulrich-Lai et al.,

2011).

Although the literature on brainstem input to the PVH

has focused largely on ascending serotonergic and cate-

choaminergic cell groups, recent evidence has high-

lighted the presence of VGLUT2 mRNA expression within

brainstem PVH-projecting regions (present data and

above references). The present investigation employed

the same dual-label approach to identify the distribution

of brainstem glutamatergic PVH projecting neurons. It

should be acknowledged that a minor portion of glutama-

tergic innervation to the PVH appears to be mediated by

the more recently identified VGLUT3 isoform. VGLUT3

has been well-characterized as a specific vesicular trans-

porter of glutamate (Fremeau et al., 2002; Gras et al.,

2002; Schafer et al., 2002; Takamori et al., 2002).

Although we have observed VGLUT3-immunoreactive

fibers and terminals within the PVH (Ziegler and Cullinan,

unpublished observations), VGLUT3 mRNA is expressed

in only three of the numerous known PVH-projecting

regions: the bed nucleus of the stria terminalis (BNST),

the posterior hypothalamic nucleus, and the raphe nuclei

and at moderate to low intensities (Gras et al., 2002; Her-

zog et al., 2004; Schafer et al., 2002). Thus, given the

clear dominance of the VGLUT2 isoform in almost all

brainstem PVH-projecting regions, we have used VGLUT2

as a marker for brainstem glutamatergic PVH-projecting

neurons in the present study.

MATERIALS AND METHODS

Animals and tissue processing
Adult male Sprague-Dawley rats (250–350 g) from Har-

lan (Indianapolis, IN) were used for the single- and dual-

labeling studies. Rats were housed in a vivarium colony

room with controlled temperature and humidity, with food

and water available ad libitum. All animal procedures con-

formed to NIH guidelines and were approved by the Insti-

tutional Care and Use Committee of Marquette Univer-

sity. For single-label hybridization (VGLUT2 mRNA), rats

were killed by rapid decapitation, with brains frozen in

�40�C isopentane, sectioned on a cryostat at 14 lm,

and stored at �20�C until further processing. For Fluoro-

Gold (FG) single-immunolabeling and for dual-labeling

studies, rats were deeply anesthetized with a lethal over-

dose of anesthetic and perfused transcardially with 100

ml of 0.1 M sodium phosphate-buffered saline (PBS; pH

7.4) followed by 250 ml of 4% paraformaldehyde in 0.1 M

sodium phosphate buffer. Prior to use, PBS was incu-

bated at 37�C for 1 hour with the addition of 0.01% (v/v)

diethylpyrocarbonate (DEPC) to inactivate any RNAse

present and autoclaved. Paraformaldehyde was prepared

using commercially supplied nuclease-free ddH2O (VWR).

Brains were removed and postfixed overnight and cryo-

protected with 30% sucrose in paraformaldehyde for 2–3

days before sectioning on a freezing microtome at 40 lm.

Sections were collected into DEPC-treated PBS in a 1:6

series and transferred to cryostorage until further proc-

essing of selected cases. Cryoprotection and storage at

�20�C were achieved by using a solution of 30% sucrose,

30% v/v ethylene glycol, 10% polyvinylpyrrolidone, in PB

(pH 7.4), known to maintain structural integrity of the tis-

sue and to preserve antigen detection (Watson et al.,

1986).

Ziegler et al.
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Stereotaxic surgery and FG microinjection
Rats were anesthetized with a ketamine/xylazine mix-

ture (50 mg/ml ketamine; 10 mg/ml xylazine), and a rec-

tangular window was cut from the skull area overlying the

targeted region. A glass micropipette was back-filled with

a 3% solution of FG (Fluorochrome, Denver, CO) in sterile

saline (0.9%) and placed in the PVH (�1.8 mm caudal to

bregma, 0.3 mm lateral from midline, �7.5 mm ventral to

dural surface). FG was iontophoretically delivered to the

PVH for 3 minutes at 2.5 lA, 7 seconds on/off, with a

constant current device stimulator (model 51413; Preci-

sion Current Source; Stoelting Co., Wood Dale, IL). The

micropipette was left in place for 10 minutes before with-

drawal to minimize diffusion of tracer. The skull window

was packed with Gelfoam (Pharmacia and Upjohn, Kala-

mazoo, MI), and the scalp was closed with surgical sta-

ples. Rats were prophylactically administered 10 lg/kg
buprenorphine for pain relief and were given a 10–14-day

postoperative survival period to allow for recovery and

sufficient retrograde transport of tracer.

Single-label immunohistochemistry for FG
The first series of sections for each case was proc-

essed through immunohistochemistry alone to assess the

accuracy of FG placements and to verify effective retro-

grade transport to the predicted regions. Specifically,

sections were removed from cryoprotectant solution and

rinsed several times in PBS and preincubated and perme-

abilized in the diluent solution used for antibody incuba-

tions: PBS containing 0.3% v/v Triton X-100 and 0.25%

carrageenan (Sigma, St. Louis, MO) at room temperature

for 15 minutes. Sections were then transferred to the pri-

mary antibody incubation, rabbit anti-FG (catalog No. 52-

9600, Fluorochrome; immunogen ¼ FG, unconjugated),

diluted 1:10,000 in diluent solution, and incubated for 2–

3 days at 4�C with mild agitation on an orbital shaker. Af-

ter primary incubation, sections were washed in PBS (5 �
1 minute) to remove unbound primary antibody and then

incubated with a biotinylated secondary antibody: 1:200

biotinylated goat anti-rabbit (catalog No. BA-1000; Vector

Laboratories, Burlingame, CA) for 1 hour at room temper-

ature. Sections were washed in PBS (5 � 1 minute) and

incubated with avidin-biotin peroxidase complex (ABC

Elite Kit;, Vector Laboratories) diluted 1:500 in PBS with

0.3% v/v Triton X-100 for 1 hour at room temperature.

Sections were washed once again in PBS (5 � 1 minute)

and subsequently reacted in chromogenic staining solu-

tion containing 0.5 mg/ml diaminobenzidene (DAB) and

0.03% hydrogen peroxide in 0.1 M PB. Reactions pro-

ceeded for up to 30 minutes to allow maximally strong

signal to develop. Finally, stained sections were mounted

on polylysine-coated slides, air dried, dehydrated through

ascending ethanols, immersed in xylene, and cover-

slipped with Polymount (Polysciences, Warrington, PA) for

microscopic examination. The specificity of the primary

antibody was confirmed by the lack of any staining in sec-

tions from rats that did not receive FG injections (not

shown). Specificity of the secondary antibody and subse-

quent steps was confirmed by the lack of any staining in

sections processed with omission of primary antibody

(not shown).

Riboprobe preparation/hybridization
histochemistry

Riboprobes for VGLUT2 (originally named DNPI, 734

bp, 50 cloned into pGEM-T EZ vector) were generated

using standard in vitro transcription methodology, with

SP6 polymerase and 35S-UTP as the radiolabel (Perkin-

Elmer/NEN, Boston, MA) as described by Ziegler et al.

(2002). Briefly, plasmid was linearized with PvuII at a site

in the vector external to the VGLUT2 cDNA insert, thus

yielding antisense riboprobe representing the entire 734-

bp 50-cloned segment of the VGLUT2 gene. Salt/ethanol

precipitation was used to separate riboprobe from free

nucleotides. Incorporation of 35S-UTP was assessed by a

yield of >106 CPM/ll of isolated and resuspended

probe. The specificity of the VGLUT2 riboprobe has been

characterized previously (Ziegler et al., 2002). Slides

were pretreated with a 10-minute fixation in 4% parafor-

maldehyde (phosphate-buffered), glycine block (0.2% in

PBS), acetylation (0.25% acetic anhydride in 0.1 M trieth-

anolamine, pH 8.0); dehydration/delipidation through

ascending ethanols, 100% chloroform, and a final 100%

ethanol; and air dried for >30 minutes before hybridiza-

tion. Stored riboprobe was preheated at 55–60�C for >5

minutes prior to dilution into hybridization buffer contain-

ing 0.02 M dithiothreitol (DTT). Slides were hybridized

with diluted probe yielding 106 CPM/50 ll per slides,

coverslipped, and incubated overnight at 55–60�C. After

hybridization incubation, coverslips were removed and

slides processed through a posttreatment protocol con-

sisting of SSC rinse steps, treatment with 15 lg/100 ml

ribonuclease A (RNAse A) for 30 minutes at 37�C, SSC

rinses, a high-stringency wash step in 0.2� SSC at 60�C

for 1 hour, SSC rinses, ethanol dehydration, and air drying

prior to film exposure on Kodak Biomax MR film for

2 weeks.

Combined in situ hybridization (VGLUT2)
and immunohistochemistry (FG)

For dual-labeling for FG and VGLUT2 mRNA, several se-

ries of free-floating sections were sequentially processed

through in situ hybridization, followed by immunohisto-

chemistry. For VGLUT2 hybridization, cRNA riboprobe

Brainstem origins of glutamatergic input to PVH
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was synthesized and isolated as described above. The

hybridization protocol for these free-floating sections was

modified from the procedures described above for slide-

mounted cryostat-cut, postfixed sections. Prehybridiza-

tion treatment was performed as follows: sections were

removed from the cryostorage solution in an excess vol-

ume of DEPC-treated PBS, rinsed for 2 � 1 minute in

DEPC-treated PBS, permeabilized for 15 minutes in

DEPC-treated PBS containing 0.3% (v/v) Triton X-100,

and rinsed for 2 � 1 minute in DEPC-treated PBS before

transfer into the riboprobe incubation. As described

above, riboprobe was preheated to hybridization temper-

ature (55–60�C) for >5 minutes before dilution into com-

mercial hybridization buffer (Amresco, Solon, OH), con-

taining 0.02 M DTT. Each series of sections was

incubated in 4 ml DTT-containing hybridization buffer with

riboprobe diluted to yield an incubation concentration of

106 CPM per section. Incubations occurred in securely

capped glass vials in an incubation oven at 55–60�C over-

night. After the hybridization incubation, sections were

processed through a posttreatment protocol. Specifically,

sections were rinsed for 5 � 1 minute in room tempera-

ture 2� SSC, transferred to glass vials containing 5 ml of

20 mg/100 ml RNAse A solution, incubated for 30

minutes at 37�C, rinsed for 2 � 1 minute in 2� SSC,

rinsed for 3 � 1 minute in 0.2� SSC, subjected to a high-

stringency wash in 0.2� SSC for 1 hour at 60�C, rinsed

for 1� 1 minute in 02� SSC, and rinsed for 4� 1 minute

in PBS before proceeding to the FG immunohistochemis-

try procedure, which was performed as described above.

After FG immunohistochemistry and rinses in PBS, sec-

tions were mounted onto polylysine-coated slides, air

dried, cleaned through an ascending series of ethanols,

and air dried.

Autoradiographic processing
Slides with mounted sections from the combined

hybridization-immunolabeling procedure were first

exposed to Kodak Biomax MR autoradiographic film for 7

days to confirm successful VGLUT2 hybridization. Slides

were then dipped in undiluted Ilford K5D autoradio-

graphic emulsion (Polysciences) that had been pre-

warmed and stabilized at 42�C in total darkness, air dried

for 3–4 hours, packaged into sealed slides boxes, and

stored (exposed) at 4�C for 7 days. After 7 days, slide

boxes were removed from the cold and allowed >2 hours

to equilibrate to room temperature prior to opening and

development. Slides were then immersed in Kodak D-19

developer solution for 2 minutes, rinsed in ddH2O, and

immersed in Kodak Rapid Fix for 3 minutes. Solutions

were chilled to 18�C prior to use. Slides were extensively

rinsed in ddH2O, dehydrated through ethanols, trans-

ferred to xylene, and coverslipped in Polymount. Later,

during analysis of dual labeling, selected slides had cover-

slips removed in xylene, rehydrated through descending

ethanols, lightly counterstained with 0.5% cresyl violet

(Sigma-Aldrich, St. Louis, MO), dehydrated, and recover-

slipped with Permount.

Data analysis
Neurons classified as FG-positive were clearly and spe-

cifically labeled by a brownish precipitate that was typi-

cally evident as granular staining within the soma. In

some cases, soma were homogenously filled with DAB

reaction product. FG labeling of the proximal portions of

dendrites was occasionally found. The neuroanatomical

pattern of FGþ neuronal labeling was consistent with pre-

vious retrograde studies. VGLUT2 mRNA signal was ana-

lyzed by visual inspection for grain clustering over FGþ

neuronal soma. For each section analyzed, the back-

ground grain density was assessed by surveying the grain

density over neuronal cell bodies (identified by Nissl

staining) lacking specific labeling for VGLUT2 mRNA.

Background grain density was assessed as both grains

per cell body and grains per unit area corresponding to

typical cross-sectional profile typical of FGþ neurons

using a reticule micrometer. This grain density was com-

parable if not identical to both nearby white matter and

adjacent nonsomatic territory (neuropil) within the

VGLUT2þ region being analyzed. A neuron was classified

as VGLUT2þ if the density of grains overlying the cell

body was at least threefold higher than the observed

background density. Manual grain counting over neuronal

soma was performed for all such soma in which the over-

lying grain density did not clearly exceed three times

threshold. Figure 3 presents examples of neurons that

were dually labeled as well as examples of those positive

for FG or VGLUT2 alone.

Abbreviations and nomenclature for coronal plates are

derived from Swanson (2004). For all sections per case,

raw data were recorded by plotting the location of

observed FGþ neurons onto photocopies of a closely

matching plate from Swanson’s brain map atlas (Swan-

son, 2004), with each such plate integrating observations

from one to three sections. Raw data were used as a ref-

erence in composing the schematic illustrations in Fig-

ures 4–6, which represent selected rostrocaudal levels

(most of the levels examined with substantial numbers of

FGþ neurons). The coronal schematic panels were pre-

pared by modifying and annotating Adobe Illustrator files

derived from the CD-ROM from the brain map atlas. The

neuroanatomical locations of single- and dual-labeled

neurons were determined and plotted on schematic

plates based on spatially interpolating from the discerni-

ble borders of the nuclei and available anatomical
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landmarks in the section, aided by the light counterstain

applied (cresyl violet).

After this neuroanatomical mapping of single- and

dual-labeled FGþ neurons, a quantitative summary was

performed, with data presented in Table 1 for four brain

regions that showed the highest degree of single or dual

labeling. For each listed region and for each case, all sec-

tions spanning the same rostral-caudal levels were

included in a summation of total FGþ neurons and total

FGþ/VGLUT2þ neurons, with dual labeling also reported

as percentage of total FGþ neurons. All sections included

in this analysis were evenly spaced and derived from a

single 1:6 series. Because of this spacing and a section

thickness of 40 lm, we have assumed a lack of double-

counting error in the Table 1 data. Table 1 does not

include any extrapolation from this analysis to an esti-

mate of the true total numbers of FGþ neurons or total

number of dual-labeled neurons per region, primarily

because of uncertainty about a valid correction factor for

undercounting of FGþ neurons. Specifically, each section

typically contained some partial profiles of FGþ neuronal

cell bodies visible within analyzed sections, which were

excluded from the analysis, i.e., excluded from total FGþ

neuron counts and assessment of VGLUT2 expression

(Table 1, Figs. 4–6). Thus, given the unlikelihood of any

overcounting errors along with some degree of under-

counting of total FGþ neurons in each section, as we

have indicated in Table 1, the true total neurons numbers

are probably greater than sixfold times the numbers

listed, which are based on summation across the ana-

lyzed sections from the 1:6 series.

Autoradiograph and photomicrograph
processing

Image processing details for film autoradiograph

images of VGLUT2 mRNA distribution (Fig. 1) and for

brightfield photomicrographs of single or dual-labeled

sections (Fig. 3) are as follows. All film images in Figure 1

were digitally captured with identical camera and digital

input parameters (aperture, magnification, brightness,

and contrast) using a Pulnix CCD camera and digital out-

put unit, connected to an Apple desktop computer

equipped with a Scion video card and running NIH Image

software (National Institutes of Health). Adobe Photoshop

CS2 (Adobe Systems, San Jose, CA) was then used to

crop and resize images uniformly and to apply identical

brightness/contrast adjustments. Individual images were

then assembled and annotated in Adobe Illustrator CS2.

Photographic images of sections in Figure 3 were cap-

tured with a Zeiss Axioplan 2 light microscope equipped

with a Spot digital camera and Spot software (Diagnostic

Instruments, Sterling Heights, MI), which was used for ini-

tial image adjustments for sharpness, brightness, and

contrast. Individual images were then cropped, resized,

and further adjusted for brightness, contrast, and color in

Adobe Photoshop CS2. Finally, images were assembled

and annotated in Adobe Illustrator CS2.

RESULTS

Technical considerations: single-labeling vs.
combined dual-labeling procedures

Before examining single- and dual-labeling data, some

brief observations follow here regarding the sensitivity of

FGþ immunolabeling (or VGLUT2 mRNA detection) in sin-

gle- vs. dual-labeling experiments. As noted in Materials

and Methods, because of concern about the potential for

compromised FG immnostaining following in situ hybrid-

ization, an entire series of sections from the FG cases

was processed through FG immunohistochemistry alone.

No differences were detected in the numbers or neuroa-

natomical distributions of FGþ neurons between the two

TABLE 1.

Quantitative Summary of Dual Labeling for Fluoro-Gold

(FG) and VGLUT2 mRNA in Major Afferents1

Region

Total

No. FGþ
No. FGþ/

VGLUT2þ
FGþ/

VGLUT2þ (%) N

Periaqueductal gray, rostral (PRC, m, rm, COM)
Case 478 27 9 33.3 4
Case 491 48 12 25.0 5
Case 495 87 40 46.0 5

Periaqueductal gray, caudal PAGvl
Case 478 13 8 61.5 3
Case 491 13 5 38.5 2
Case 495 51 16 31.4 2

Lateral parabrachial nucleus (PBl)
Case 478 36 9 25.0 5
Case 491 90 32 35.6 3
Case 495 149 87 58.4 4

K€olliker-Fuse subnucleus (KF)
Case 478 5 0 0.0 4
Case 491 36 15 41.7 3
Case 495 46 22 47.8 4

1Regional designations for periaqueductal gray (PAG): rostral PAG

level was defined as including the precommissural nucleus (PRC),

medial (m) and rostromedial (rm) PAG subdivisions, and the commis-

sural nucleus (COM), as defined in the brain map of Swanson (2004),

rostrocaudally spanning atlas levels 34–38 as illustrated in Figures

4A–D, 5A–D, 6A–D, i.e., rostral to the level where the canonical col-

umn organization emerges (dorsal, dorsolateral, lateral, ventrolateral

columns). Caudal PAGvl refers to a caudal portion of the ventrolateral

column, with data collected from atlas levels 47–48 (Figs. 4E,F, 5E,F,

6E,F). Lateral parabrachial data were collected from atlas levels 47–

51 (Figs. 4E–H, 5E–H, 6E–H). K€olliker-Fuse data were collected from

atlas levels 47–49 (Figs. 4E–G, 5E–G, 6E–G). N (last column), num-

bers of sections analyzed per case. Note that total numbers of neu-

rons (FGþ only or dually labeled) reflect summation across all

analyzed sections. True totals per brain region (extrapolating across

all six section series) are likely greater than sixfold times the totals

given. Experimental factors precluded an exact quantitative extrapola-

tion (see Materials and Methods).
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Figure 1. A–O: Coronal series presenting gross neuroanatomical distribution of VGLUT2 mRNA in rat brainstem as investigated by single-

label in situ hybridization. The distribution includes brainstem regions previously identified as PVN-projecting (see text), including the peria-

queductal gray (PAG; see B–G), lateral tegmental nucleus (LTN; see H), parabrachial nucleus (PB; see G–I), K€olliker-Fuse subnucleus (KF;

see H,I), nucleus of the solitary tract (NTS; see M–O), and ventrolateral region of the medulla containing the A1/C2 cell groups (see M–

O). Note robust expression throughout the rostral-caudal extent of PAG (B–G) and relatively low or scattered expression in raphe nuclei

(F–J), including dorsal raphe (DR) and raphe magnus (MR). VGLUT2 mRNA expression is present surrounding the LC but not within it (I,J).

Additional abbreviations: MRN, mesencephalic reticular nucleus; cc, central canal. For reference, the neuroanatomical level for each panel

is indicated by the anterior-posterior distance (millimeters) from bregma (Br) and atlas plate number for the closest matching coronal plate

in the brain map of Swanson (2004). Because of differences in plane of section, all structures in any single image might not align exactly

with one atlas plate. For example, the asterisk in C indicates that, although hypothalamic anatomy corresponds approximately to plate 35,

dorsal regions in this image (AQ, MG, SC) align with more caudal atlas levels. Scale bars ¼ 1 mm. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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sets of sections (i.e., single- vs. double-labeled sections).

Sections processed through the combined dual-labeling

protocol showed the same cellular pattern of FG immuno-

staining, although the intensity of the peroxidase reaction

product was occasionally lighter in double-labeled mate-

rial. Regarding VGLUT2 mRNA hybridization signal in

dual-labeled vs. hybridization-only sections, the regional

variation in VGLUT2 signal also appeared identical,

although nonspecific background was higher in the dual-

labeled material. Nevertheless, the VGLUT2 signal:back-

ground ratio in dual-labeled sections was sufficient to

identify VGLUT2-positive or -negative neurons and con-

formed to previous data on the CNS distribution and re-

gional variation in VGLUT2 expression intensity per

section.

VGLUT2 mRNA distribution
A serial presentation of the brainstem distribution of

VGLUT2 mRNA is shown is Figure 1, indicating moderate

to high expression intensity throughout. The data provide

a macroscopic overview of the presence of VGLUT2 in the

brainstem, including distribution in brainstem regions pre-

viously established as containing PVH-projecting cells: the

entire rostral-caudal extent of the periaqueductal gray

(Fig. 1B–G), laterodorsal tegmental nucleus (Fig. 1H), lat-

eral and medial parabrachial nuclei (Fig. 1H,I), pedunculo-

pontine nucleus, K€olliker-Fuse nucleus (Fig. 1H,I), nucleus

of the solitary tract (Fig. 1M–O), and ventrolateral medulla

(encompassing the A1/C1 cell groups), a pattern that is

consistent with previous reports (Stornetta et al., 2002;

Wang and Morales, 2009). In contrast to most PVH-projec-

ting regions, several raphe nuclei (dorsal, median, magnus)

showed sparse signal for VGLUT2 mRNA (Fig. 1E–H).

Retrograde tracing: evaluation and selection
of cases

Several cases were collected with confirmation of FG

injections of various sizes centered in the PVH, with the

extent of the injection sites assessed by FG immunohisto-

chemistry as illustrated schematically in Figure 2A,B.

Generally, FG injections were centered at the midrostro-

caudal level of the PVH. Cases selected for dual-label

data analysis and presentation here were chosen based

on 1) rostral-caudal placement, 2) filling of the medial par-

vocellular portion of the PVH and degree of FG confine-

ment within the PVH boundaries, 3) replication of the

forebrain and brainstem distribution of retrograde label-

ing seen in published studies (Berk and Finkelstein, 1981;

Campeau and Watson, 2000; Canteras et al., 1995; Cull-

inan et al., 1996; Gray et al., 1989; Prewitt and Herman,

1998; Sawchenko et al., 1996, 2000; Swanson, 1987;

Swanson and Sawchenko, 1983; Ulrich-Lai et al., 2011),

4) low/sparse FGþ labeling in the medial or central

amygdaloid nuclei (Canteras et al., 1995; Gray et al.,

1989; Petrovich et al., 2001; Prewitt and Herman, 1998),

and 5) absence of false-positive FGþ labeling in ventral

subiculum, shown by anterograde tracing analysis as

supplying a dense innervation immediately outside the

PVH borders but not inside (Cullinan et al., 1993). Cases

that were excluded from dual-label data analysis, as a

result of violation of any of the above-mentioned criteria,

are shown in Figure 2B. Thus, the present findings are

based primarily on the results for optimal cases (478

shown in Fig. 2A,C; 491 shown in Fig. 2A,D), i.e., place-

ment at the rostrocaudal midlevel of the PVH with spread

to the anterior and caudal levels of the PVH but minimal

or no detectable spread of FG outside the PVH border;

thorough filling of the dorsal parvocellular subdivision;

replication of previous findings of retrograde labeling in

limbic, preoptic/hypothalamic, thalamic, and brainstem

nuclei; sparse (if any) retrograde labeling in amygdaloid

nuclei; and absence of FGþ neurons in ventral subiculum

(forebrain data not shown). In contrast, case 495 had an

injection centered at a caudal level of the PVH and ros-

tral penetration of tracer only to the midlevel of the PVH,

but with substantial spread into the dorsal and caudal

peri-PVH region (caudal to the PVH but rostral to the dor-

somedial nucleus). Thus, case 495 is included as a com-

parison that likely reflects localization of FGþ neurons

projecting to the peri-PVN region as well as into the PVH

proper (Fig. 2A,E–G).

Retrograde tracing results: brainstem
distribution of FG-positive neurons

The distributions of FG-immunopositive neurons in

cases 478 and 491 (Figs. 4, 5, respectively) are similar

and consistent with previous tract-tracing studies. High-

est densities of FGþ neurons were found in periaqueduc-

tal gray (rostral commissural and ventrolateral) and

lateral parabrachial nucleus (Figs. 4A–H, 5A–H), with rela-

tively few or scattered neurons in the raphe nuclei

(Figs. 4E–H, 5E–H) laterodorsal tegmental area (Figs.

4E–G, 5E–G) and ventrolateral medulla (including the the

A1/C1 region; Figs. 4I–L, 5I–L). In addition, a few FGþ

neurons were also present in the K€olliker-Fuse nucleus

(Figs. 4I–L, 5I–L), a region that has not been widely

reported as a significant source of PVH innervation. In all

three cases, relatively few FGþ neurons were found in the

NTS (Figs. 4I–L, 5I–L), but the low numbers observed are

commensurate with previous reports typically finding

fewer than 10 retrogradely labeled neurons per section

(Cunningham et al., 1990; Cunningham and Sawchenko,

1988; Rinaman et al., 1995; Sawchenko et al., 1988;

Sawchenko and Swanson, 1981, 1982).
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Unlike those in cases 478 and 491, which were cen-

tered rostrocaudally at the midlevel of the PVH and were

almost entirely circumscribed within the PVH borders, the

injection in case 495 was centered at the posterior level

of the PVH, i.e., in the lateral (aka posterior) parvocellular

subdivision, with a maximal extent reaching rostrally to

the midlevel of PVH and caudally into the dorsal area (the

internuclear between the caudal end of the PVH and the

rostral border of the dorsomedial hypothalamic nucleus;

Fig. 2A,C–E). Thus, the results for case 495 are pre-

sented in Figure 6 as a comparison case for the well-cir-

cumscribed FG placements in the others. Case 495 dif-

fered from cases 478 and 491 in both a quantitative

and a regional manner, with greater numbers of FGþ

Figure 2. Immunohistochemical and histological assessment of neuroanatomical placement of FG iontophoretic injections in the PVN. A,B:

Schematic summary of all cases, with most cases centered at the midrostral-caudal level. For each case (rat), the maximal extent of the injec-

tion site as assessed by FG chromogenic immunolabeling is denoted by thick solid lines and labeled with a case number. A: Cases for which

combined tracing/hybridization results are presented (see Figs. 4–6). B: Cases not presented because of either suboptimal retrograde labeling

in brainstem despite effective transport to forebrain afferent regions or slight lateral/ventral misplacement of FG injection. C: Case 478, with

an injection most prominent at the midrostral-caudal level and nearly limited within the nuclear boundary. D: Case 491, placement similar to

that of case 478, with minimal spread beyond the nuclear boundary. Note that damage in center of injection site occurred following mounting

of free-floating section, as a result of brittleness induced by the peroxidase reaction. E–G: Case 495, at three rostral-caudal levels of the PVN.

This injection was centered at the caudal end of the PVN (lp, lateral parvocellular subdivision), with significant spread ventrally (F,G), extension

caudally into the dorsal area (not shown), and limited detection at the midrostral-caudal level of the PVN (E). Magnification bars ¼ 500 lm (C-

F) and 400 lm (G). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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neurons in most regions where retrograde labeling was

seen in cases 478 and 491. However, case 495 pro-

duced FGþ neurons in brainstem regions not labeled in

cases 478 and 491: medial parabrachial nucleus (Fig.

6E,F), pedunculopontine nucleus (Fig. 6E,F), and nucleus

raphe magnus (RM; Fig. 6G,H), which likely reflected

Figure 3. Example of combined FG immunolabeling (chromogenic, brown DAB product) and 35S-labeled riboprobe detection (grain cluster-

ing) of VGLUT2 mRNA from emulsion-dipped slide. A: Low-magnification view of section through periaqueductal gray (PAG). Note that

dipped sections were lightly counterstained with cresyl violet. FG-positive neurons can be seen within the ventrolateral PAG and extending

laterally toward the parabrachial nucleus (PB). Box denotes region shown at higher magnification in B. B: Micrographs providing examples

of dual-labeled FGþ/VGLUT2þ neurons (solid arrowheads), FGþ only (open arrowhead), and FG-negative VGLUT2þ neurons (> symbols),

as determined from grain counts over Nissl-stained cell body (see Materials and Methods). Examples of neurons negative for both FG and

VGLUT2 (Nissl-positive) are denoted by asterisks. Note: some neurons have been outlined in black to correspond to somatic contours

from the optimal focal plane. C: Higher magnification view (�100, oil immersion) of a FG/VGLUT2 dual-labeled neuron as well as VGLUT2-

only and Nissl-only neurons. Scale bars ¼ 400 lm in A; 50 lm in B,C.
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uptake from the caudal PVH or from the region caudal

to the nucleus itself.

Dual-labeled FG1/VGLUT21 neurons
After the dual-labeling procedures, sections from each

of the three cases presented were analyzed, and the loca-

tion of each FGþ neuron was plotted on a coronal tem-

plate diagram. The coronal maps of FG labeling and dual

labeling in cases 478, 491, and 495 (Figs. 4–6) represent

12 rostral-caudal levels chosen from the entire sequence

of brainstem sections based on 1) highest level of FGþ or

dual FGþ/VGLUT2þ labeling and 2) levels in which the

closest anatomical matching across cases could be

achieved.

In general, all brainstem regions that contained retro-

gradely labeled (FGþ) neurons also displayed dual FGþ/

VGLUT2þ labeling. As can be seen in Figures 4 and 5

(cases 478 and 491), the regions with the most

Figure 4. A–L: Case 478 results. Schematic coronal map of FGþ neurons either dually labeled for VGLUT2 mRNA (solid circles) or nega-

tive for VGLUT2 (open circles). Each coronal template is derived from the rat brain atlas of Swanson (2004) and denoted with the plate

number (34-69) and rostral-caudal coordinate relative to bregma (in millimeters). For regional VGLUT2 mRNA expression, compare with

Figure 1 and see Results. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Ziegler et al.

2380 The Journal of Comparative Neurology |Research in Systems Neuroscience



substantial FGþ/VGLUT2þ dual labeling were the peria-

queductal gray (Figs. 4A–F, 5A–F), the lateral parabra-

chial nucleus, and the K€olliker-Fuse subnucleus (Figs.

4E–H, 5E–H). A quantitative assessment of the total

number FGþ neurons per region and dual labeling (as a

percentage of total number FGþ neurons) is reported in

Figure 4. (Continued)
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Table 1. These tabulated data reflect a summation from

all sections analyzed through each region. As noted in

Materials and Methods, the true total numbers of single-

labeled FGþ neurons or dual-labeled neurons per brain

regions is probably greater than sixfold times the neuron

numbers listed in Table 1. Experimental factors preclude

providing an exact, quantitative extrapolation from neu-

ron numbers in Table 1 to the true totals per brain region.

In addition, substantial numbers FGþ and dual-labeled

neurons were also found in a midbrain area surrounding

the dorsolateral portion of the medial lemniscus, strad-

dling a territory belonging to the mesencephalic reticular

nucleus (‘‘MRNm’’), and the caudal portion of the zona

incerta (Figs. 4B–D, 5B–D). Brain regions containing FGþ

neurons that showed a very low proportion of dual-la-

beled neurons included the ventrolateral medulla (ventral

or ventromedial to the nucleus ambiguous; Figs. 4I–L, 5I–

L), which includes neurons of the A1/C1 cell groups

known to project to the PVH (Stornetta et al., 2002).

Note that the illustrations of single FGþ labeling and

dual labeling within the periaqueductal gray mostly high-

lights rostral and caudal levels where most retrograde

labeling was found, in line with previous studies (see Dis-

cussion). Levels between those shown in each coronal se-

ries were not included because of comparatively sparse

FGþ labeling and imprecise anatomical matching of

Figure 4. (Continued)
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sections between cases 478 and 491. In case 491, for

example, at rostral-caudal levels between those shown in

the figures, the dorsomedial ‘‘column’’ showed 0–10 FGþ

neurons per section, with fewer neurons seen in the other

columns at the same levels (dorsolateral, lateral,

ventrolateral).

The present distribution of dual-labeled neurons is also

consistent with the observed regional variation in VGLUT2

mRNA expression shown in Figure 1. Specifically, robust

VGLUT2 mRNA is seen throughout the rostral-caudal

range of the periaqueductal gray (Fig. 1B–G), including

the rostral level of periaqueductal gray (precommissural

nucleus, rostromedial and medial subdivisions, commis-

sural nucleus), where FGþ/VGLUT2þ neurons were found

(Figs. 1B,C 4A–D, 5A–D, 6A–D), and the caudal level of

the ventrolateral column (Figs. 1G, 4E,F, 5EF, 6E,F). A

similar relationship was found dual labeling in the lateral

parabrachial nucleus (Figs. 4E–G, 5E–G, 6E–G, with

Figure 5. A–L: Case 491 results. Schematic coronal map of FGþ neurons either dually labeled for VGLUT2 mRNA (solid circles) or nega-

tive for VGLUT2 (open circles). Each coronal template is derived from the rat brain atlas of Swanson (2004) and denoted with the plate

number (34-69) and rostral-caudal coordinate relative to bregma (in millimeters). For regional VGLUT2 mRNA expression, compare with

Figurde 1 and see Results. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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VGLUT2 mRNA expression shown in Fig. 1G–I). In con-

trast, for example, the lack of substantial dual labeling in

the dorsal or magnus raphe nuclei (Figs. 4E–H, 5E–H, 6E–

H) is not surprising given the low to undetectable VGLUT2

mRNA signal in these midline regions (Fig. 1F–H) as well

the sparse presence of FGþ neurons (in our cases).

Figure 5. (Continued)
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DISCUSSION

Summary of dual-labeling findings
The brainstem regions with the most significant num-

bers of FGþ/VGLUT2þ dual-labeled neurons (derived

from cases 478 and 491; those with well circumscribed

FG injections in the PVH) were the periaqueductal gray,

lateral parabrachial nucleus, and a caudal thalamic/mid-

brain reticular area. The present cases displayed only

modest retrograde labeling (per section) in the nucleus of

the solitary tract (A2) and ventrolateral medulla (A1), pre-

cluding meaningful assessment of potential FG/VGLUT2

dual labeling in these regions. In case 495, an FG injec-

tion centered in the caudal PVH with significant spread

into the peri-PVH region ventrally (subparaventricular

zone) and caudally displayed FGþ labeling in three addi-

tional regions where cases 478 and 491 lacked FGþ neu-

ronal labeling, the medial parabrachial nucleus, peduncu-

lopontine nucleus, and median raphe nucleus, and

included some FGþ/VGLUT2þ neuronal labeling in these

areas as well. The presence of FGþ/VGLUT2þ neurons in

these three additional brainstem regions is likely evi-

dence for glutamatergic innervation to the peri-PVH

region, rather than the PVH itself.

Functional implications and context of
dual-labeling findings

The present identification of the major brainstem sour-

ces of glutamatergic innervation (periqueductal gray,

Figure 5. (Continued)
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lateral parabrachial nucleus, caudal thalamus/mesence-

phalic reticulum). significantly extends prior understand-

ing of ascending HPA-excitatory neural pathways.

Although noradrenergic/adrenergic and serotonergic pro-

jections to the PVH have garnered most of the attention

to date regarding brainstem input to the PVH, the present

findings serve to highlight additional sources of excitatory

input to the PVH, including a region largely ignored thus

far by functional studies of HPA-regulatory neurocircuitry

(rostral PAG and caudal ventrolateral PAG). A full appreci-

ation of the significance of these brainstem sites requires

integrating the current data with the prior state of knowl-

edge about these regions.

Periaqueductal gray
The periaqueductal gray is a known PVH-projecting

structure in which substantial proportions of FGþ/

VGLUT2þ neurons were detected. Previous retrograde

Figure 6. A–L: Case 495 results. Schematic, coronal map of FGþ neurons either dually labeled for VGLUT2 mRNA (solid circles) or nega-

tive for VGLUT2 (open circles). Each coronal template is derived from the rat brain atlas of Swanson (2004) and denoted with the plate

number (34-69) and rostral-caudal coordinate relative to bregma (in millimeters). For regional VGLUT2 mRNA expression, compare with

Figure 1 and see Results. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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and anterograde tracing studies have documented PAG

projections to the PVH originating mainly from the pre-

commissural and commissural subdivisions, dorsolateral

column, and ventrolateral column (Berk and Finkelstein,

1981; Cameron et al., 1995; Floyd et al., 1996; Krout and

Loewy, 2000; Sawchenko and Swanson, 1983). The

Figure 6. (Continued)
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present data included dual-labeled neurons in the rostral

subdivisions at the level of the posterior commissure and

at a caudal level of the ventrolateral column. A similar

density of FGþ (single-labeled) and FGþ/VGLUT2þ neu-

rons were also present at more rostral levels of the ven-

trolateral and dorsolateral columns of the PAG, although

these levels were not included in the figures because of

imprecise anatomical matching of sections across differ-

ent cases.

The present evidence for glutamatergic PVH-projecting

neurons in rostral subdivisions (precommissural, rostro-

medial, medial, and commissural) and the caudal ventro-

lateral subdivision of the PAG takes on new functional sig-

nificance when integrated with previous studies of stress-

induced CNS activation analyses (immediate early gene

activation), microinjection/lesion studies of PAG func-

tion, and convergence of afferent input to the PAG from

upstream stress-related regions.

First, with regard to the rostral subdivisions, the pres-

ent data are consistent with previous anterograde tracing

findings of substantial PVH innervation from the precom-

missural nucleus and rostromedial region (Canteras and

Goto, 1999; Krout and Loewy, 2000). These rostral sites

also show IEG responses to a subset of acute stressors

Figure 6. (Continued)
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tested to date: robust c-fos mRNA or Fos responses to

elevated plus maze, predator stress, and acute defeat

(conspecific; Canteras and Goto, 1999; Kollack-Walker

et al., 1999; Silveira et al., 1993) but weak c-fos mRNA

responses to loud noise, swim, or restraint (Campeau and

Watson, 1997; Cullinan et al., 1995). Furthermore, this

site receives input from upstream regions known to regu-

late HPA function, including medial prefrontal cortex, lat-

eral septum, and hypothalamic nuclei (Bandler and Ship-

ley, 1994; Canteras and Goto, 1999). Intriguingly,

although the rostral level of the PAG has received little

attention in published mechanistic studies of the role of

the PAG in regulating anxiety/stress-related behavior,

fear learning, or HPA function, this rostral PAG region

receives significant projections from the dorsomedial,

dorsolateral, and lateral PAG columns (Canteras and

Goto, 1999), all of which lack substantial projections to

the PVH (Krout and Loewy, 2000) but have nonetheless

been implicated in regulating HPA and autonomic func-

tion. Specifically, panic/escape-inducing electrical stimu-

lation of the dorsolateral column also induces a corticos-

terone response (Lim et al., 2011), whereas muscimol

inhibition of the dorsolateral/lateral columns attenuates

the ACTH response to air-jet stress (de Menezes et al.,

2008). In addition, local stimulation of the dorsolateral

PAG with NMDA increases blood pressure, an effect that

is blocked by NMDA receptor blockade within the PVH

(Berrino et al., 1996). Thus, given the evidence against

substantial projections from these three columns to the

PVH collectively, the present date raise the possibility of

an indirect neuroanatomical pathway, whereby dorsal

and lateral PAG columns activate the neuroendocrine and

preautonomic components of the PVH ultimately via glu-

tamatergic projection from the rostral PAG.

The caudal ventrolateral PAG, a second major subdivi-

sion in which dual labeling was found, has received com-

paratively more attention. Previous anterograde studies

have documented that this subdivision supplies a dense

innervation of the PVH, in contrast to most other PAG

subdivisions (Canteras and Goto, 1999; Krout and Loewy,

2000). The ventrolateral column also shows strong neuro-

nal activation to a broad range of acute stressors, includ-

ing physiological challenges (e.g., hypovolemia), painful

or noxious stimuli (e.g., cutaneous/muscular/visceral

pain, foot shock), cold exposure, swim stress, and exter-

nal threats (e.g., dominant conspecific; Bellchambers

et al., 1998; Canteras and Goto, 1999; Cullinan et al.,

1995; Keay and Bandler, 1993; Keay et al., 2000, 2001;

Li and Sawchenko, 1998; Motta et al., 2009; Vagg et al.,

2008; Yoshida et al., 2005). Notably, the degree of

stress-induced activation in the ventrolateral PAG varies

across stimuli, and other PAG subdivisions are more sen-

sitive than ventrolateral PAG to specific stressors, e.g.,

predator odor/presence (Canteras and Goto, 1999;

Motta et al., 2009). Thus, the evidence suggests that glu-

tamatergic input to the PVH from ventrolateral PAG likely

is involved in transducing a range of physiological as well

as psychogenic stressors. Furthermore, the ventrolateral

PAG receives an array of input from both HPA-excitatory

and -inhibitory regions, including ascending visceral and

somatic sensory input from the NST and spinal nocicep-

tive projections, as well as descending input from orbito-

frontal, insular, and medial prefrontal cortex; central

amygdaloid nucleus; and several hypothalamic nuclei

(Bandler and Shipley, 1994; Keay and Bandler, 2004).

Furthermore, microinjection of the opiate analgesic

buprenorphine into the caudal ventrolateral PAG sup-

presses plasma ACTH and corticosterone (Gomez-Flores

and Weber, 2000), which would be consistent with inhibi-

tion of a site supplying glutamatergic projections to the

PVH. Thus, glutamatergic projections from the caudal

ventrolateral PAG to the PVH may serve as a critical point

of integration for multiple HPA-regulatory brain regions

encoding multiple types of stress, especially for upstream

regions that lack substantial direct projections to the

PVH (e.g., orbital and medial prefrontal cortex).

Lateral parabrachial nucleus
Another major source of brainstem glutamatergic input

to the PVH indicated by the present data is the lateral

parabrachial nucleus (PBl). This finding extends the exist-

ing literature documenting PBl projections to the PVH

(Alden et al., 1994; Bester et al., 1997; Krukoff et al.,

1993), neuronal activation of the PBN by various stres-

sors, and functional evidence for a HPA-excitatory role for

the PBN. Specifically, previous studies show induction of

c-fos or other IEGs in the parabrachial nucleus after a

range of stressors, including restraint, foot shock, hemor-

rhage, inflammatory cytokine challenge (IL-1b), and lith-

ium chloride (nauseant) administration (Chan and Saw-

chenko, 1994; Kainu et al., 1993; Li and Sawchenko,

1998; Sawchenko et al., 1996; Spencer and Houpt, 2001;

St. Andre et al., 2007). This profile of stress responsive-

ness of the PBN, including the lateral PBN, is consistent

with its afferent input from other brainstem or spinal cord

regions that relay respiratory, cardiovascular, visceral

sensory, and nociceptive information, i.e., from deep lam-

inae and lamina I of the dorsal horn, NST, pre-Botzinger

nucleus, and dorsal/ventral respiratory groups (Ezure,

2004; Gauriau and Bernard, 2002). In addition, chemical

stimulation of lateral parabrachial neurons in anesthe-

tized animals induces ACTH secretion (Carlson et al.,

1994). Thus, the present data point to the glutamatergic

PBl projections to the PVH as a possible neuroanatomical

mechanism for stress-induced HPA activation, particu-

larly by respiratory and hemodynamic stimuli, LiCl, and

Brainstem origins of glutamatergic input to PVH
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foot shock. Furthermore, beyond mediating HPA activa-

tion by such unconditioned stimuli, the medial and lateral

parabrachial nuclei have also been implicated in LiCl-

mediated conditioned taste aversion (CTA; Reilly, 1999;

Reilly and Trifunovic, 2001). This form of associative

learning is enhanced by the LiCl-induced glucocorticoid

response and impaired by experimental attenuation of

this LiCl-induced HPA response (Smotherman et al.,

1976). Thus, our evidence for glutamatergic innervation

of the PVH from the PBl provides a possible mechanistic

basis for glucocorticoid-mediated enhancement of aver-

sive learning.

Caudal thalamus/midbrain reticulum
Another locus of FGþ/VGLUT2þ dual labeling was

found at a caudal level of the thalamus and zona incerta

surrounding the medial lemniscus, spanning a dorsolat-

eral portion of caudal zona incerta, mesencephalic reticu-

lar area, and a part of the subparafascicular nucleus of

the thalamus (see Results; Figs. 4, 5), consistent with an

earlier retrograde labeling study (Berk and Finkelstein,

1981). Evidence for connectivity between the zona

incerta and PVH has thus far been restricted to a rostral

and ventromedial portion of the zona incerta and sug-

gested to supply dopaminergic input to the PVH (Cheung

et al., 1998; Wagner et al., 1995). The present data sug-

gest a role for glutamate in this projection. Moreover, the

present evidence for dual-labeled neurons within the sub-

parafascicular nucleus is consistent with a previous study

implicating the region in responsiveness to audiogenic

stress (Campeau and Watson, 2000), a stressor known to

activate both PVH neurons and the HPA axis (Burow

et al., 2005; Campeau and Watson, 1997, 2000; Helffer-

ich and Palkovits, 2003; Michaud et al., 2003; Palkovits

et al., 2004). Thus, the present findings support the possi-

bility that audiogenic stress activates the PVH and HPA

axis via glutamatergic PVH projections.

SUMMARY

The present findings indicate that several brainstem

regions, particularly the periaqueductal gray and lateral

parabrachial nucleus, are brainstem origins of glutamater-

gic projections to the PVH. In addition, a third source of

glutamatergic input emanates from a diencephalic/mes-

encephalic area, encompassing a caudal portion of the

zona incerta, the mesencephalic reticular nucleus, and

the subparafascicular nucleus of the thalamus. These

observations, made in cases with well-circumscribed ret-

rograde tracer injections into the PVH, are consistent

with previous tracing studies as well as with previous and

present reports on the CNS distribution of VGLUT2 mRNA

expression. The present data implicate the periaqueduc-

tal gray and lateral parabrachial nucleus as HPA-excita-

tory regions that activate neuroendocrine stress

responses via glutamatergic activation of the PVH. Judged

from previous studies of the functions of these regions

and their responses to a range of stressful stimuli, these

ascending glutamatergic inputs to the PVH are potentially

involved in regulating HPA responses to multiple classes

of stress (physiological/interoceptive, or psychological/

exteroceptive, or mixed) and, moreover, may serve as

points of stress integration proximal to the PVH. This

ascending glutamatergic input is also likely integrated at

the level of the PVH with glutamatergic innervation origi-

nating from forebrain origins, which have recently been

elucidated (Ulrich-Lai et al., 2011).
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