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Abstract 

Retrograde synaptic signalling is a mechanism through which a retrograde messenger is 

produced and released from postsynaptic neurons, commutes to the presynaptic terminal 

where it engages its cognate receptor(s) to modulate the probability of neurotransmitter 

release. Retrograde signalling is recognized as a fundamental form of feedback regulation at 

many cortical synapses with a broad array of diffusible messenger molecules implicated in 

initiating the cascade of presynaptic molecular events. An accumulating body of evidence 

suggests that the molecules acting as retrograde messengers in adult brain all have discrete 

functions during brain development, and, most notably, there is an overarching continuum of 

regulatory functions these messengers execute from early events of presynaptic 

neurotransmitter to the maintenance of synaptic pasticity in adulthood. Here, developmental 

roles of signal molecules (and, in a broader context, the underlying signalling cassettes) that 

otherwise act as retrograde messengers at mature synapses have been studied with emphasis 

on how the synapse specificity of retrograde signalling is achieved and translated into 

specific molecular pathways subserving synaptic information processing. 

Thematically, this thesis first summarizes current concepts on the organization of synapse-

specific retrograde signalling networks operated by endocannabinoids, brain-derived 

neurotrophic factor (BDNF) or glutamate as retrograde messengers in the primate and rodent 

telencephalon emphasizing how cholinergic projection neurons in basal forebrain territories 

modulate the plasticity of their afferents. We demonstrate a high degree of evolutionary 

conservation in neuronal diversity and neurochemical specificity in basal forebrain nuclei 

between rodents and prosimian primates. We find that the areal expansion and 

cytoarchitectonic differentiation of neocortical subfields in primates is associated with 

differential cortical patterning of CB1 cannabinoid receptor-containing subcortical and 

intracortical afferents and these connectivity patterns are maintained during senescence. 

Next we asked whether basal forebrain cholinergic neurons have a preferred means to tune 

the activity of afferent synapses or instead they possess a capacity to recruit molecularly 

distinct signalling networks at non-overlapping subsynaptic dendrite domains receiving 

functionally segregated synaptic inputs. Our studies revealed a striking dichotomy of CB1 

cannabinoid receptor or vesicular glutamate transporter 3 (VGLUT3)-containing afferents – 

defining components of endocannabinoid and glutamate-mdiated retrograde signalling, 

respectively – in the rodent basal forebrain. In contrast, we find that CB1 cannabinoid 

receptors and VGLUT3 co-exist at nerve terminals of cholecystokinin-containing 

interneurons impinging layer 2/3 pyramidal cells synapses in the cerebral cortex. 



 

  

Based on the above anatomical indices we hypothesized that (i) different forms of retrograde 

synaptic communication may co-exist in non-overlapping, functionally discrete domains 

along the elaborate dendritic arbor of a neuron and (ii) the molecular identity of a 

presynaptic neuron drives the developmental assembly of retrograde signalling mechanisms 

operated at its synapses. We uncovered that synapses of parvalbumin-containing fast-spiking 

(FS) basket cells in layer 2/3 of the neocortex undergo endocannabinoid independent 

retrograde modifications in response to high-frequency burst firing of postsynaptic 

pyramidal cells in the absence of presynaptic CB1 cannabinoid receptors. We identified 

VGLUT3-dependent glutamate release from subsynaptic pyramidal cell dendrites as a 

substitute negative feedback loop. 

Interneurons of the cerebral cortex are neurochemically and functionally heterogeneous. 

This limits our ability to study the development of synaptic communication en masse at 

select subsets of inhibitory terminals. We have challenged this status quo by introducing a 

novel technology, target specific isolation (TSI), to enrich neurochemically-defined cortical 

and hippocampal interneuron progenies for large scale, high-throughput developmental, cell 

biology, and gene expression profiling studies. We have successfully utilized TSI to 

characterize the temporal dynamics of FS cell synaptogenesis in vitro, and to describe that 

calpain, a Ca2+-dependent protease, cleaves synaptosomal-associated protein of 25 kDa 

(SNAP-25) in vivo and reduces SNAP-25 levels during GABAergic interneuron 

development. We have also explored whether endocannabinoids drive particular aspects of 

interneuron development and found that these bioactive eicosanoids act as short-range 

diffusible chemoacttractants to facilitate radial (interlaminar) interneuron migration. Our 

studies also demonstrate that endocannabinoids are negative regulators of interneuron 

morphogenesis. Finally, we have uncovered that a branch of neurodevelopmental 

endocannabinoid actions is mediated by a novel interplay between endocannabinoid and 

BDNF-mediated signalling networks because endocannabinoids can increase TrkB receptor 

phosphorylation through a signalling mechanism involving src kinase activation in the 

absence of BDNF. 

Overall, a coherent set of experimental evidence is collated in this thesis in support of the 

concept that molecules acting as retrograde messengers in adult brain play fundamental roles 

during neurodevelopment. 
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1 Organizing principles of cortical neuronal networks 

Information processing within the brain is achieved at many levels ranging from 

molecular interactions to intercellular communication in dispersed cell assemblies. The 

incremental complexity and modularity of neuronal communication underscoring 

discrete brain functions allows us to perform complex cognitive tasks. The area 

primarily associated with large-scale integration of sensory information and task 

execution is the cerebral cortex. A striking feature of the neocortex is the presence of 

distinct cellular layers ranging from the sparsely populated layer (L)1 to the more 

densely populated layers 2-6 as initially described by Meynert (1867)
6
. The human 

cerebrum is believed to consist of ~2 x 10
10
 neurons and their ~1.5 x 10

14
 synapses. This 

enormous complexity of connectivity primarily relies on two major classes of neurons: 

pyramidal cells and interneurons
7,8
. Although the morphology of these cells varies across 

cortical areas, the neocortex is by many considered as a uniform structure of repeated 

circuits
9,10
. Local neocortical networks – also termed microcircuits made up by a pair of 

connected neurons – form the elementary processing units at the cellular level. 

As alluded to by their name, pyramidal 

cells generally have a characteristic 

somatic morphology. Their most 

distinctive feature is an apical dendrite 

projecting vertically towards L1, where 

it arborises extensively. This provides 

contact sites for afferent projections 

from intrinsic neurons within L1 in 

addition to the numerous thalamic, 

corticocortical, basal forebrain, and 

brainstem afferents that course through 

this layer
11,12

. Around the base of the 

pyramidal cell soma a spray of 

dendrites provides contact sites for 

synaptic inputs from local and 

intracortically-projecting neurons (e.g. 

spiny stellate cells within L4 and 

L6)
13,14

 (Fig. 1). Although these cells 

Fig. 1 – The general morphology of layer 5 
pyramidal cells in mouse visual cortex as 
revealed by intracellular biocytin loading and 
subsequent histochemistry. Note the long 
descending axon of the leftmost cell leaving the 
cerebral cortex. (Dobszay & Harkany, 
unpublished.) 
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were generally accepted as a uniform population, recent transcriptional analysis 

identifies distinct features of non-overlapping pyramidal cell populations destined to the 

various cortical laminae
15,16

. In contrast, GABA (γ-aminobutyric acid)-ergic 

interneurons of the cerebral cortex are a diverse population of cells
17
. Their diversity is 

manifested in every aspect of their phenotype, as evidenced by their different 

morphological, electrophysiological and neurochemical features (see in detail below). 

The cytoarchitectural complexity and enormous connectivity of intertwined neurons in 

the neocortex gives the initial impression of randomity within the structure. However, 

studies during the past 100 years have revealed that, despite first appearances, cortical 

connectivity is strictly organized as is in fact stereotyped
18,19

. Connectivity patterns are 

organized at two levels: intralaminar connections define direct cellular interactions while 

interlaminar connectivity establishes functional complexity. At the cellular level, 

presynaptic cells not only select particular postsynaptic targets but in fact they innervate 

specific subcellular domains of other neurons
8,11,14,20-22

. Connections within neocortical 

networks thus appear to be selective to specific tasks in whose execution neuronal 

assemblies participate in, and dynamic with regards to activity-dependent 

rearrangements allowing for continuous refinements
23
 throughout the life of the 

organism. 

Understanding how neuronal networks are formed and become adequately recruited to 

particular operational networks is a principal undertaking in Neuroscience. Neurons are 

born in discrete progenitor zones
24
 and actively migrate towards their final position

25
. 

Once establishing layer patterning in the cerebrum
6
, both pyramidal cells and 

interneurons undergo morphogenesis whereby their specify their input-output 

connections and commence synaptic communication
1
. Neuronal networks are 

established through successive developmental decisions reliant on cell-autonomous 

developmental programs identifying particular neuron subtypes and experience-

dependent activity trails facilitating target selection
26-28

. These mechanisms ensure that 

functionally interactive neurons are adequately integrated into networks such that the 

final result is a computational unit spanning all cortical layers. 

 

1.1 Cortical interneuron diversity 

It has long been assumed that neocortical interneurons belong to different classes
8
, with 

the variability in their features within a class being much smaller than the differences 
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across classes. How to classify neocortical interneurons has been a topic of long 

debate
21,29,30

. Cortical interneurons are typically described and classified according to 

various morphological, molecular and physiological features
31
. Several classification 

schemes for cortical interneurons have been proposed: 1) Cajal termed these cells "short-

axon" neurons and distinguished them on the basis of their morphologies; 2) Lorente de 

Nó subsequently described dozens of types of short-axon cells in the mouse neocortex. 

3) Intracellular labeling methods revealed axonal arbors more completely and led to new 

efforts to classify interneurons morphologically
32
. 4) The establishment of 

electrophysiological criteria has resulted in several additional classification attempts
30
. 5) 

Finally, molecular and genetic markers have also been used as bases for classification
33
. 

The most up-to-date Petilla terminology discusses interneuron subclasses based 

cumulatively on individual cell morphologies (somata, dendrites, axons), connections, 

molecular features, and physiological and biophysiological properties (passive and 

subthreshold properties, action potential waveforms, firing properties, postsynaptic 

responses, and contributions to rhythm generation). Although as many as ≥20 cell 

subclasses may be generated by combinatorial approaches derived from the above 

features
31,32

, basket cells providing perisomatic inhibition to principal cells in both the 

neocortex and hippocampus are unequivocally recognized
21
. 

 

1.1.1 The dichotomy of perisomatic basket cells in the cerebrum 

Interneurons providing perisomatic inhibition fall into two principle subclasses by their 

(i) neurochemical heterogeneity, (ii) intrinsic discharge behaviors, (iii) preferential 

location of their synapses on principal cells, and (iv) connectivity patterns with other 

neurons. Neurochemically, the major subset of perisomatic inhibitory neurons contains 

the Ca
2+
-binding protein parvalbumin (PV)

34
. Although PV is generally used as a 

classification marker for these interneurons, they display additional cytochemical 

hallmarks that define their discharge properties. Many PV-containing cells are 

surrounded by poly-anionic chondroitin sulphate-rich perineuronal nets that serve as 

rapid local buffers of excess cation charges
35,36

 and selectively express voltage-

dependent potassium channel (Kv) subunits (Kv3.1b) facilitating the fast repolarization 

of their membranes
37
. Synapses of PV-containing interneurons contain M2 muscarinic 

receptors
38
, regulate GABA release via P/Q-type Ca

2+
 channels

39
, while postsynaptic 

GABAA receptors contain α1 subunits in their efferent synapses on pyramidal cells. 

Intracellular recordings revealed that most PV-containing neurons are fast-spiking (FS), 
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e.g., exhibit high discharge (≥100 Hz) frequencies with limited or no 

accommodation
31,34,40

. The discharge waveform of PV-containing interneurons displays 

striking differences that permit the identification of e.g., stuttering, late-spiking, 

accommodating, and non-accommodating subtypes (reviewed in
8,31
). 

PV-containing interneurons predominantly belong to the class of basket cells as they 

innervate the somatic region and proximal dendrites of pyramidal cells
31,34,40

, while a 

fraction, termed axo-axonic cells, selectively targets the axon initial segment of principal 

 

Fig. 2 – Some neurochemical and cytoarchitectural features of GABAergic 
basket cells in the rat hippocampus. (A) CCK does not colocalize with 
calbindin-D28k (CB D-28k) in interneurons. (B) In contrast, parvalbumin 
(PV)

+
 cells may containg CB D-28k and express perineuronal net 

components. (C) Vesicular GABA transporter (VGAT) decorates perisomatic 
interneuron synapses. (D) GABAergic interneurons may reciprocally 
innervate each other as revealed by perineuronal net (WFA) and VGAT 
immunolabeling. (Harkany, Dobszay & Härtig, unpublished.) 
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neurons
41
. Interestingly, excitatory afferents outnumber the inhibitory input onto PV-

containing basket cells by ~15 fold
42
 suggesting a principal regulatory role of local 

excitation on this cell type
14
. Both PV-containing basket and axo-axonic cells fire 

counter-phase with pyramidal cells during theta activity
30,32

. In the neocortex and 

hippocampus, PV-containing basket cells can be connected by electric (gap) and 

chemical junctions that presumably suit the entrainment of large pyramidal cell 

populations at γ frequency oscillations
43
. However, their electrical coupling is 

differentially regulated in the hippocampus and neocortex: the incidence of coupling 

declines as a function of postnatal age in the hippocampus. However, it remains 

unaltered in L2/3 of the neocortex
44
. 

Perisomatic inhibitory neurons that contain cholecystokinin (CCK) co-express 

vasoactive intestinal polypeptide
34
 and vesicular glutamate transporter 3 (VGLUT3)

5,29
. 

CCK-containing interneurons express a unique composition of receptors, including 

presynaptic type 1 cannabinoid (CB1R)
45
, postsynaptic 5-HT3 serotonin

46
, and nicotinic 

acetylcholine receptors
47
. In contrast to PV-containing interneurons, GABA release from 

axon terminals of CCK-containing cells is mediated by N-type Ca
2+
-channels

39,48
 under 

the control of CB1R
45
 and GABAB receptors. In addition, their efferent synapses 

predominantly contain GABAA receptors with α2 subunits. CCK cells are primarily 

regular spiking, with a maximum firing rate of ~50 Hz
49
. In addition to perisomatic 

regions, CCK cells can also innervate all dendritic layers of the hippocampus that 

correlates with their morphological variability
49
. CCK-containing interneurons receive 

much less synaptic contacts than PV cells with a high proportion of inhibitory 

synapses
50
. Similar to PV cells, though with a lower incidence, CCK-containing 

interneurons also innervate each other
51
. Importantly, CCK interneurons, targeted by 

cholinergic and serotonergic afferents originating in the basal forebrain and median 

raphe nucleus
52
, respectively, are critical for the tonic modulation of excitatory input in 

the hippocampus. Lastly, the above basket cell subclasses also differ in molecular 

mechanisms underscoring retrograde signalling at their afferent synapses
5,14,21,45,53-55

. 

 

1.2 Development of the cerebral cortex 

1.2.1 Cortical layer patterning 

During early CNS development, the cerebral cortex develops from the ventricular zone 

located in the dorsocaudal part of the telencephalic vesicles. Specification of distinct 

cortical areas is directed by signalling centers, located along the edges and midline of the 
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neural plate, that secrete molecules important for positional information
56
. In the ventral 

telencephalon, sonic hedgehog (Shh) expression is required for initial patterning and 

morphogenetic events
57
. Structural development of the hippocampus and neocortex is 

further initiated by the release of the bone morphogenic protein (bmp) and Wnt family 

ligands from the dorsal midline
58
. At these early stages (~embryonic day (E)10.5 in 

mouse), the cerebral cortex appears as a thin layer, densely packed by neurons and is 

termed the cortical preplate. Subsequently, the inward migration of new cortical neurons 

separates the cortical plate into two layers; a superficial layer called the marginal zone 

(which later develops into cortical L1) and a transient underlying layer called the cortical 

subplate. 

New-born pyramidal cells migrate into the cerebral cortex from the ventricular zone 

(VZ) and the subventricular zone (SVZ) that contain neuronal progenitor cells
6,59
. 

Cortical progenitors migrate in an inside-out pattern with the most recently generated 

neurons migrating towards the pial surface through previously established cell layers
27
. 

Accordingly, neurons in L2 are generated later than L6 and L5 neurons. During 

corticogenesis, the cerebral wall is dominated by radial glial cells (RGCs)
6
 anchored in 

the ventricular wall with their basal feet ending on the pial surface. RGC shafts are 

physical scaffolds allowing new-born neurons to directionally migrate long distances 

from the VZ/SVZ towards the pial surface. Besides providing a scaffold, recent data 

identified RGCs as precursors of neuronal progenitors as well as postmitotic 

neurons
60,61

. RGCs undergo asymmetric division resulting in self-renewal of the RGC 

itself whilst generating a new doughter cell committed to a neural fate. Therefore, RGCs 

are now being recognized as the major source of neuronal progenitors in the developing 

cortex
60
. 

It has been generally thought that all neocortical neurons were derived from neocortical 

SVZ progenitors. However, this view was drastically challenged by the discovery that 

GABAergic interneurons originate in the subpallium
25,33

. It is now generally accepted 

that pyramidal neurons migrate radially from the cortical SVZ of the cerebral wall, while 

GABAergic interneurons are born in the ganglionic eminences and undergo long-

distance tangential migration to populate the developing neocortex
62
. 

 

1.2.2 Cortical interneuron development and molecular diversification 

GABA immunolabeling combined with fluorescence dye labeling provided initial 

evidence for streams of migrating GABAergic cells undergoing long distance tangential 
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migration to reach final positioning in specific cortical layers
25,63,64

. Putative GABAergic 

interneurons originate in the subpallial telencephalon from around E12 onwards in the 

mouse and follow precise migration pathways towards the neocortex
25
. At the onset of 

their migratory journey, all cells avoid the developing striatum and their routes diverge 

into a population entering the cortex superficially with another subset migrating from 

below the striatal mantle
65,66

. Interneurons that penetrate the cortex deep from the 

striatum traverse the marginal zone and the subplate and inhabit the superficial cortical 

layers, whereas superficially migrating neurons travel close to the SVZ. Tangentially-

migrating cortical cells have multiple origins within the subpallium, however 

comparisons of the migratory behaviour of the lateral, median, and caudal ganglionic 

eminences (GEs) indicate that cells originating from the median GE have the greatest 

propensity to migrate into the cerebral cortex
25
. GE progenitors express Dlx1, Dlx2 and 

Mash1 transcription factors that are deterministic of the timing of differentiation into a 

pro-GABAergic phenotype
25
. Mice with loss-of-function mutations in Dlx1/Dlx2 cease 

tangential interneuron migration
25
. Alternatively, Mash1 appears to be critical for the 

ventralization of neuronal progenitors and the acquisition of a GABAergic phenotype
67
. 

Tangential migration of putative GABAergic interneurons is evolutionarily conserved 

and contributes to generating neuronal diversity in the cortex of rodents, ferrets, and 

humans
25,64,68,69

. 

Adequate migration of GABAergic interneurons requires the coordinated presence of 

many molecular cues in the developing telencephalon. The ventral to dorsal direction of 

interneuron migration is regulated by repulsive guidance cues derived from the preoptic 

area (POa), motogenic GE-derived factors, and permissive and attractive cues released 

by the cerebral cortex. Repellent factors expressed in the POa have not been identified 

yet, however the release of Slit1 and Slit2 from the POa has been proposed to repress 

dorsal to ventral cell migration
70
. However, the chemorepulsive activity is still present in 

mice with targeted mutations in both Slit1 and Slit2, suggesting that Slit does not play a 

crucial role in the repulsive properties of the POa
71
. Motogenic substances promote 

migration rates and could increase the total number of contigents of migrating 

interneurons including hepatocyte growth factor (HGF) and the neurotrophins brain-

derived neurotrophic factor (BDNF) and neurotrophin-4 (NT-4)
72
. In slice cultures, HGF 

increases the number of cells migrating away from the subpallium, whereas antibodies 

against HGF inhibit cell movement and reduced the number of calbindin D28-expressing 
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interneurons in the neocortex
73
. Similar effects have been shown for phosphoinositide 3-

kinase (PI3K)-dependent BDNF and NT-4 signalling
72
. 

Recent evidence suggests that the diversity of cortical interneurons is generated during 

early embryonic development. Cells migrating from GE proliferative zones constitute a 

heterogeneous population with regards to their neurochemical properties and are 

different in their migratory routes toward indicating that early migrating neurons react 

differently to guidance cues
74,75

. Another factor diversifying interneurons subtypes is the 

spatial segregation of GABAergic precursors in the GEs. The three domains of the 

subpallium that contribute cortical interneurons could provide anatomical explanation 

for interneuron diversification
33
. In vitro data indicate that PV-containing and 

somatostatin/calbindin-D28k (CB D-28k) interneurons are derived from the medial 

ganglionic eminence (MGE), regular-spiking calretinin/vasoactive intestinal 

polypeptide-positive and CB1R/CCK-positive cells derive from the caudal ganglionic 

eminence (CGE)
76
 (Morozov, personal communication). 

Besides their anatomical localization, temporal differences also shape interneuron 

diversity. The earliest wave of migrating cells leaving the GEs migrates towards the 

hippocampus, whereas later-departing interneurons inhabit the cortical mantle. The 

temporal dynamics of cell migration could therefore be important for subtype 

specification and for defining distinct sets of interneurons destined for different cortical 

areas. Furthermore, the birth-date of progenitors also correlates with the progressive 

inside-out lamination of the cortical plate
77
 suggesting that the timing of neuronal birth 

and migration underpin layer specificity. Overall, the complexity of GABAergic 

interneuron phenotypes is shaped by spatial and temporal patterning rules. 

 

1.3 Retrograde signalling 

Synaptic communication in complex neuronal networks relies on the coincident activity 

of integrated feedback mechanisms allowing optimal temporal refinement of activity-

dependent synaptic connectivity
23
. Generation and maintenance of the structural and 

functional coherence of neuronal circuits is the basic cellular principle of higher brain 

functions. Thus, multiple mechanisms have evolved during brain development to allow 

the temporal refinement of neuronal excitability. Although redundancy at the level of co-

existent signalling networks with partially overlapping functions ensures the continuous 

adaptation of pre- and postsynaptic components between connected neurons, retrograde 
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synaptic signalling emerges as a uniquely powerful means to tune the temporal and 

spatial efficacy of synaptic information transfer. 

During the past decade, several retrograde messengers have been identified (Fig. 3) that 

exhibit robust differences in their speed of affecting synaptic integration, temporal 

flexibility and efficiency, and spatial precision
4,5,78-81

. Endocannabinoid (eCB) signalling 

represents one of the two key negative retrograde signalling pathway
48
 for tuning both 

homosynaptic and heterosynaptic plasticity
82
 in the postnatal brain. The general 

molecular paradigm is that eCBs are synthesized postsynaptically in an activity-

dependent manner and engage presynaptic CB1Rs on both excitatory and inhibitory 

afferents thus decreasing neurotransmitter release. Four basic forms of eCB-mediated 

synaptic plasticity have been described
48,82,83

: (i) in depolarization induced suppression 

of inhibition (DSI), depolarization of a postsynaptic neuron stimulates eCB production 

that activates presynaptic CB1Rs at GABAergic interneuron terminals, leading to a 

decrease in inhibitory neurotransmission. eCBs produced in the same fashion acting on 

CB1Rs on excitatory neurons evoke depolarization induced suppression of excitation 

(DSE). (ii) In metabotropic suppression of inhibition (MSI), activation of postsynaptic 

 

Fig. 3 - Overview of signalling mechanisms underscoring synaptogenesis in the embryonic 
CNS with continued control of retrograde neurotransmitter release at mature synapses 
(modified from

1,3
). (A) Activity-dependent eCB release inhibits neurotransmitter release from 

synapses of both pyramidal cells (Pyr) and cholecystokinin (CCK)
+ 
interneurons. (B) Wnt 

signalling has been implicated in the control of presynaptic assembly and neurotransmitter 
release at excitatory afferents

4
. (C) Dendritic release of glutamate provides negative feed-

back at perisomatic terminals of PV
+
 basket cells

5
. (D) In contrast, dendritic BDNF release 

enhances the efficacy of synaptic communication at select cortical synapses. (Modified from 
Harkany et al.

1
) 
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Gq/11-linked receptors (typically M1 or M3 muscarinic acetylcholine receptors or group I 

metabotropic glutamate receptors [mGluRs]) leads to production of eCBs activating 

presynaptic CB1Rs thus decreasing inhibitory neurotransmission. As before, when eCBs 

produced in this fashion activate CB1Rs on excitatory terminals, the process is termed 

metabotropic suppression of excitation (MSE). (iii) eCB-mediated long-term depression 

(LTD) is evoked during sustained stimulation of group I mGluRs, as might happen 

during prolonged low frequency stimulation of excitatory pathways. LTD can affect 

either the stimulated pathway (homosynaptic LTD) or a neighboring pathway 

(heterosynaptic LTD), if the terminals of the neighboring pathway express CB1Rs. (iv) 

In slow-self inhibition (SSI), eCBs are produced following the repetitive depolarization 

of a neuron and activate CB1Rs on the same neuron, opening inwardly rectifying 

potassium channels and causing sustained hyperpolarization of the neuron
84
. SSI is 

remarkable in that in this form of eCB-mediated plasticity, eCBs are both produced and 

act in the same cell, as opposed to being retrograde messengers in the other forms. It 

should be noted that since eCBs can inhibit both excitatory and inhibitory 

neurotransmission, their net effect at the circuit level, also influenced by the coincident 

presence of other factors, can be either inhibitory or stimulatory. 

PV-containing basket cells do not express CB1Rs
45,85

. Therefore, it is not too surprising 

that eCBs do not depress inhibitory synaptic inputs at parvalbumin-containing terminals. 

We have proposed an alternative mechanism
3,54
 instead (also see Paper III) whereby 

glutamate may function as a retrograde messenger released from subsynaptic dendrites 

of L2/3 pyramidal cells. Once released by vesicular dendritic exocytosis in response to 

pyramidal cell depolarization, glutamate depresses the probability of presynaptic GABA 

release via pre-synaptic mGluR activation (Fig. 3). 

The physiological significance of short-term retrograde signalling is that it provides a 

means of adjusting the momentary activity of a presynaptic cell
23
. This is achieved 

through a rapid decrease of EPSP/IPSP amplitudes in response to liberating retrograde 

messengers at excitatory and inhibitory synaptic connections, respectively. Overall, 

retrograde signalling allows a postsynaptic neuron to control it synaptic inputs, regulate 

synaptic plasticity, affecting post-synaptic potential summation and probably regulate 

the oscillatory behaviour of neuronal networks. 

 



 

   19 

1.3.1 Molecular complexity of endocannabinoid signalling in adult brain 

2-Arachidonoylglycerol (2-AG) and anandamide (AEA), members of the eCB family of 

neuroactive lipids, are primarily synthesized by sn-1-diacylglycerol lipase α/β 

(DAGLα/β)
86
 and α/β-hydrolase 4/glycerophosphodiesterase 1 (ABDH4/GDE-1)

87
 and 

bind to cannabinoid receptors in the brain and at the periphery. 2-AG and AEA 

promiscuously activate CB1/2R, and other cannabinoid receptors including GPR55
88
. 

However, the identity of eCBs and bioactive lipids stimulating GPR55 remains 

ambiguous: AEA and lysophosphatidylinositol, but not 2-AG, palmitoylethanolamine or 

virodhamine were shown to activate GPR55
89-92

. CB1R and GPR55 are expressed on 

neurons, whereas CB2Rs are primarily found on microglia in the adult
88,89

. CB1R is one 

of the most abundantly 

expressed G protein-

coupled receptors 

(GPCRs) by neurons 

and is selectively 

targeted to axons and 

synapses. In contrast, 

GPR55 expression 

appears significantly 

regionalized
90
 with the 

identity and subcellular 

distribution of this 

receptor being 

unknown. Enzymatic 

inactivation of 2-AG 

and AEA primarily 

involves monoglyceride 

lipase
93
 and fatty-acid 

amide hydrolase 

(FAAH)
94
, respectively. 

The general layout of eCB signalling – as shown in Fig. 4 – has been reproduced at 

many cortical, subcortical and cerebellar synapses
39,95-98

. However, striking interpecies 

differences in the density, subcellular distribution, and origins of synapses equipped with 

eCB signalling networks exist in, e.g., the basal forebrain and neocortex (Papers I-III). 

 

Fig. 4 – Endocannabinoid signalling at a hypothetical 
interneuron synapse. 



 

 20 

Molecular determinants of retrograde signalling cascades at central synapses appear to 

be developmentally organized such that they can feed-back to control the earliest events 

of presynaptic neurotransmitter release during the transition from synaptogenesis to 

synaptic communication in developing neuronal circuits
7,99
. This leads to the question 

whether molecular underpinnings of eCB signalling loops acting so efficiently in the 

postnatal brain subserve particular physiological functions during brain development 

(Paper VI). The answer appears to be yes, but we are far from understanding the 

molecular logic and temporal dynamics of eCB signalling networks in the embryonic 

brain, and how their specific neurodevelopmental functions relate to and define their 

retrograde control of neurotransmitter release at mature synapses. 

 

1.3.2 Endocannabinoid signalling in the developing CNS 

The spatial confinement of eCB signalling to particular synapse populations supports the 

concept that neurons may simultaneously express molecular determinants of multiple 

retrograde signalling systems and possess the capacity for domain-specific recruitment 

of particular signalling machineries to subsynaptic microterritories along their dendrites. 

Accordingly, several spatially-segregated retrograde feedback mechanisms have recently 

been proposed (Fig. 3): dendritic release of Wnt family ligands regulates 

neurotransmitter release at cerebellar mossy fiber-granule cell synapses
4
; quantal 

glutamate release suppresses inhibitory inputs originating from PV-containing 

GABAergic basket cells on cortical pyramidal cells
5
; while BDNF released from 

secretory granules upon afferent stimulation enhances synaptic plasticity of both 

excitatory and inhibitory cortical synapses
80,81,100

. A striking similarity amongst the Wnt, 

glutamate and BDNF/tyrosine kinase B receptor (TrkB) signalling systems is that they 

play crucial roles during brain development through coordinated control of cellular 

positioning, identification, and presynaptic and postsynaptic differentiation
4,101-105

. Thus, 

it can be argued that it is not a mere coincidence that three signalling systems critical for 

axon remodeling and presynaptic development during early organization of neuronal 

networks also play key roles in regulating synaptic activity at mature synapses
1
. This 

suggests that the eCB system, like the other signalling cassettes, might have a dual 

function and play unexpectedly fundamental roles in both the wiring and firing of the 

nervous system. 

The existence of eCB ligands and CB1Rs in the developing rodent and human brain 

triggered an initial wave of interest when CB1Rs were unequivocally identified as the 
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targets of ∆
9
-tetrahydrocannabinol (THC) from cannabis

106
. It took almost another 

decade for the cellular specificity, functions, and interacting partners of eCB signalling 

networks affecting CNS patterning to emerge. In fact, both 2-AG and AEA are present 

in the developing CNS from very early stages of differentiation, though 2-AG levels are 

characteristically a magnitude higher. Although absolute extracellular eCB levels may 

not reflect true signalling competence, we postulate that 2-AG is the prime eCB in the 

developing brain, nonetheless, AEA might play a role in regulating 2-AG bioavailability 

by controlling its levels and physiological efficacy
107
. 

Moderate CB1R levels in neural progenitors persist throughout pre- and postnatal life. 

Likely eCB actions on neural stem and progenitor cells are underscored by ample DAGL 

expression in neurogenic telencephalic niches
59,108

, CB1R/CB2R and metabolic enzyme 

expression in neurospheres, and by the sensitivity of neural stem cells to 

pharmacological and genetic disruption of eCB signalling
59,109-111

 (Fig. 5). A robust 

 

Fig. 5 - Neuronal fate decision controlled by endocannabinoids (adpoted from
1
). Studies with 

CB1/2R agonists and antagonists on cultured neurospheres and in adult mice have provided 
evidence that eCB signalling can affect neural stem cell fate and proliferation [(a)]. During 
development, eCB signalling through CB1Rs affects neural progenitor proliferation [b] and 
lineage commitment [c] in the cortical SVZ. CB1R expression is minimal on neuronal 
progenitors, whereas robust upregulation of CB1R expression coincides with neuronal 
commitment. Thus, eCBs have the potential to exert powerful control on both radially migrating 
post-mitotic pyramidal cells [d; red] and tangentially migrating immature GABAergic 
interneurons [e; blue] populating the cortical plate (CP). Upon final positioning, eCB signalling 
contributes to the control of cell type-specific neuronal identification [f] and both intracortical 
and long-range axon patterning [g]. (Modified from Harkany et al.

1
) 
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increase in CB1R expression in immature post-mitotic neurons becomes evident as soon 

as neuronal lineage-commitment occurs
112-114

. The presence of an eCB-rich transient 

territory marked by DAGL-expressing cells at the outermost SVZ border facing the first 

layer of CB1R-positive post-mitotic neurons (corresponding to cells entering the 

intermediate zone in the cerebrum)
59
 suggests that a propulsive eCB tone exists in the 

developing neocortex that facilitates radial migration of immature pyramidal cells and 

GABAergic interneurons
101
 from the SVZ and deep migratory stream, respectively. 

Neurons undergoing axonal polarization and morphogenesis selectively target CB1Rs to 

their elongating axon
115
. CB1R expression levels peak as synaptic connectivity is 

established by cortical pyramidal cells (E14-16 in mouse) and GABAergic interneurons 

(>E17
7,59
). Once synaptogenesis terminates, CB1R expression adjusts such that ideal 

tuning of synaptic efficacy can occur. eCB-driven neuronal specification however relies 

on the temporal control of eCB synthesis and inactivation such that eCB actions are 

defined by (i) the identity of endogenous ligands momentarily available to initiate 

signalling events; (ii) the chronospecificity of available receptors underpinning specific 

neuronal identification events; (iii) selective recruitment of signal transduction 

machineries to activated receptors such that complex cellular regulatory networks 

required for cellular state-change decisions are activated
116
; (iv) the coherence of 

signalling events at the genomic level such that temporally compartmentalized 

transcriptional regulation of neuronal differentiation is precisely executed
116
. 
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2 Aims 

 

The synapse specificity and refined molecular architecture of retrograde signalling 

cassettes at cortical synapses prompted us to study whether the molecular machinery of 

retrograde signalling subserves unexpected developmental functions. I have focused on 

complementary studies using perisomatic basket cell subtypes considering the sticking 

differences that exist in their molecular fingerprints
20,21

 and developmental 

programs
25,33,65

. 

 

In the adult telencephalon, I set out to study: 

• CB1 cannabinoid receptor distribution in cholinergic basal forebrain and 

neocortex with particular emphasis on interspecies differences and on the 

recruitment of CB1Rs to excitatory
78,117

 and inhibitory cortical synapses (Paper I-

II), 

• the molecular signalling network underpinning retrograde synaptic signalling 

between fast-spiking, CB1R-negative interneurons and pyramidal cells in L2/3 of 

the neocortex (Paper III). 

In the developing cerebrum, I addressed: 

• whether a novel method allowing subset-specific isolation of GABAergic 

interneurons from embryonic cerebrum can be established to help characterizing 

FS interneuron development in vitro, and subsequently addressed BDNF 

requirements of FS cells during acquiring the capacity to generate high-

frequency action potential trains (Paper IV), 

• how intrinsic calpain activity contributes to the developmental regulation of 

SNAP-25 levels in FS interneurons (Paper V), 

• the developmental significance of CB1R expression by immature CCK-positive 

cortical interneurons (Paper VI), 

• whether eCB signalling instructs interneuron migration and morphological 

differentiation by interacting with developmentally-organized neurotrophin 

signalling cassettes (Paper VI). 
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3 Methods 

 

3.1 Multiple immunofluorescence labeling (Paper I-VI) 

Anatomical studies at the light microscopy level were predominantly performed by 

multiple immunofluorescent labeling followed by high-resolution confocal laser 

scanning microscopy (Paper I-VI). Particular details of immunostaining procedures 

varied depending on whether the specimen processed were performed on free-floating 

sections (Paper I-IV, VI), on brain slices (Paper III) and on cell cultures (Paper IV-VI). 

Cocktails of primary and secondary antibodies, some of which were generous gifst from 

our collaborators (e.g., Dr. Ken Mackie – anti-CB1 cannabinoid receptor, anti-FAAH 

(Papers I-III, VI); Dr. Robert Edwars and Dr. Hiroyuki Hioki – anti-VGLUT1-3 (Papers 

II-III) were used to visualize target proteins. 

 

3.2 Whole-cell patch clamp electrophysiology (Paper III-VI) 

Single or dual whole cell patch-clamp techniques were utilized to study interneuron 

maturation and phenotypic differentiation in vitro (Papers IV-VI) and to dissect 

retrograde synaptic signalling at inhibitory terminals between FS interneurons and 

pyramidal cells in L2/3 of the neocortex (Paper III). To determine intrinsic properties of 

cultured interneurons we have assessed their resting membrane potential, input 

resistance, action potential amplitude, half-width and threshold, and discharge 

frequency. Biophysical aspects of synapse formation and maturation of neuronal 

network connectivity were studied by analyzing spontaneous inhibitory postsynaptic 

currents (sIPSCs) at different time points and by measuring inhibitory postsynaptic 

potentials (IPSPs) in dual-whole-cell recording mode (Paper IV-VI). To examine the 

efficacy of retrograde synaptic signalling at layer 2/3 elementary cortical microcircuits 

made up of a presynaptic FS cell and a postsynaptic pyramidal cell (Paper III), neurons 

situated in visual and somatosensory cortices were selected on the basis of 

morphological features using infrared differential interference contrast video microscopy 

and subsequent characterization of neuron firing properties. To measure the magnitude 

of synaptic depression in response to postsynaptic burst firing a custom-made routine 

was applied as described in detail (Paper III). Receptor agonists/antagonists and specific 

inhibitors of intracellular signalling cascades downstream from activated receptors were 

applied in the superfusate during electrophysiological studies (Paper III-VI). 
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3.3 In vitro studies (Paper IV-VI) 

In vitro studies to reveal molecular characteristics of perisomatic basket cells were 

performed by using high-purity GABAergic interneuron cultures. The availability of cell 

surface markers selectively expressed by neurons of study allowed establishing target-

specific cell isolation (TSI) procedures (Fig. 6). Thus, TSI allows for the purification of 

desired neuronal subtypes and for the establishment of sub-population enriched cultures. 

Isolation methods imply enzymatic digestion of tissues to yield single cell suspensions. 

However, this procedure may also be a tool to allow partial penetration of molecules 

through the cell membrane and designate intracellular protein epitopes as TSI markers. 

We took advantage of the selective expression of the Kv channel subunit 3.1b by FS 

cells (Paper IV,V) and the early expression of CB1Rs by CCK-containing basket cells 

(Paper VI) to dissect morphometric and biophysical parameters of these cell types. In 

vitro maintenance of isolated interneurons has proven difficult as supporting trophic 

 

Fig. 6 - Isolation and functional characterization of neurons from rat embryonic neocortex and 
hippocampus by targeting voltage-gated potassium channel (Kv) 3.1b subunit. (A) Isolation of 
cells was achieved using antibodies conjugated to superparamagnetic beads, followed by 
target specific isolation of cells bound to immobilized antibodies. ○, Target cell; ●, other cell 
types; ●─< target specific antibody bound to superparamagnetic beads-conjugated 
secondary antibody; vertical hatched bars indicate magnetic particle concentrator. (B) Dual 
whole-cell recording from pairs of FS cells to study the formation of reciprocal microcircuits. 
Representative firing traces from synaptically-connected cells and corresponding IPSPs in 
response to action potencials in the pre-synaptic cell.  
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factors otherwise released by astroglia and/or other neurons had to be exogenously 

replenished. 

 

3.4 Molecular biology (Paper III-VI) 

Protein and mRNA expression levels of characteristic interneuron markers, synaptic 

proteins, and developmentally-regulated (transient) proteins used to test drug effects on 

neuronal morphogenesis in vitro were determined by Western analysis (Paper III-VI), 

reverse-transcriptase or quantitative real-time PCR analysis (Paper IV-VI) or by in situ 

hybridization (Paper VI). Trnasactivation studies were performed on neuroblastoma 

(PC12) cells transiently transfected with appropriately-tagged CB1 cannabinoid and 

TrkB receptor constructs. 
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4 Results 

4.1 PAPER I 

Redistribution of CB1 cannabinoid receptors during evolution of cholinergic basal 

forebrain territories and their cortical projection areas: comparison between grey 

mouse lemur (Microcebus murinus, Primates) and rat 

 

4.1.1 The cholinergic basal forebrain 

Cholinergic neurons – histochemically characterized by their coincident expression of 

choline-acetyltransferase (ChAT), the low-affinity neurotrophin receptor p75 (p75
NTR
), 

and the vesicular acetylcholine transporter (VAChT)
2,118

 (Fig. 7) – are distributed in a 

continuum of nuclei in the basal forebrain with topologically defined projections to 

remote areas
119
. ChAT immunoreactive neurons in the medial septum-ventral diagonal 

band are the major source of cholinergic terminals in the hippocampus. Horizontal 

diagonal band cholinergic neurons projet to the olfactory bulb and cerebral cortex. 

Magnocellular nucleus basalis (MBN) neurons innervate the neocortex and 

amygdala
2,120

. Basal forebrain cholinergic neurons receive reciprocal innervation from 

cortical, hippocampal and amygdala neurons
119
. Corticopetal cholinergic projections are 

involved in tonically tuning synaptic plasticity underscoring cognition and memory 

formation
121,122

. 

It has recently been postulated that cholinergic neurons in rat may express CB1Rs
123
, and 

acetylcholine release in the neocortex is required for MSE/MSI
124
. Therefore, we have 

studied the distribution of CB1Rs in neurochemically-defined subsets of cholinergic 

basal forebrain neurons of a prosminian primate, the gray mouse lemur (Microcebus 

murinus). Our results provide anatomical evidence for cholinergic-eCB interplay in basal 

forebrain territories. Next, we explored probable similarities and differences in the 

anatomical organization of eCB signalling networks between rodents and primates. 

 

4.1.2 Findings 

We have shown that: 

1. the cytoarchitectonic organization and several histochemical characteristics of 

cholinergic neurons in gray mouse lemur follow the general, phylogenetically 

conserved organization principles of the cholinergic basal forebrain of non-human 

primates, 
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2. in the case of CB1R distribution perisomatic immunoreactivity was unequivocally 

present in non-cholinergic neurons of the olfactory tubercule, and in CCK 

 

Fig. 7 – Neurochemical markers identifying cholinergic basal forebrain neurons. 
(A) Cholineric cells co-express ChAT and VAChT. (B) Cholinergic projection 
neurons but not striatal cholinergic interneurons express p75

NTR
. (C) Cholinergic 

neurons also contain the substance P receptor NK1 (SPR) but lack GABAAR α1s. 
(E) In vivo-labeled cholinergic neurons (red signal)

2
 triple-labeled for ChAT and 

VAChT. Colocalization in A-D and E appears in yellow and white/pink colors, 
respectively. (Harkany, Dobszay & Härtig, unpublished.) 
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containing interneurons in L2/3 of the neocortex, 

3. significantly, CB1R-like immunoreactivity was localized to cholinergic perikarya in 

the MBN. However, cortical cholinergic terminals lacked detectable CB1R levels. 

CB1R-containing nerve endings were in close apposition to the somatodendritic 

compartment of cholinergic neurons, 

4. a dichotomy of CB1R distribution in frontal (suprasylvian) and parietotemporal 

(subsylvian) cortices was apparent. In the frontal cortex, CB1R-containing axons 

concentrated in L2/3 and L6, while L4 and L5 were essentially devoid of CB1R 

immunoreactivity. In contrast, CB1Rs decorated axons in all layers of the 

parietotemporal cortex with peak densities in L2 and L4. In the hippocampus, CB1 

receptor-containing terminals concentrated around pyramidal cell somata and 

proximal dendrites in the CA1–CA3 areas, and granule cell dendrites in the 

molecular layer of the dentate gyrus, 

5. CB1R frequently localized to inhibitory GABAergic terminals. Although pyramidal 

cells exhibited low levels of somatic CB1R-like immunoreactivity, glutamatergic 

boutons appeared unlabeled when probed for CB1Rs, 

6.  aging did not affect either the density or layer-specific distribution of CB1R-

immunoreactive processes: whilst aging affected the density of CB1R 

immunoreactivity in primate neocortex, it does not induce delamination or aberrant 

sprouting of CB1R-containing axons. 

Overall, the major finding of our study is that only minor differences between the lemour 

and rodent were found in CB1R distribution in cholinergic basal forebrain territories. In 

contrast, evolutionary differentiation of the neocortex and hippocampus, associated with 

a striking divergence of functionally and morphologically different cortical areas, is 

paralleled by an increased patterning of cortical CB1R-containing terminal fields. We did 

not find robust changes in the spatial distribution and neurochemical composition of 

CB1R-containing cortical afferents during aging in lemur. These data suggest that the 

CB1R per se may not be limiting synaptic plasticity during aging.  
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4.2 PAPER II 

Complementary distribution of type 1 cannabinoid receptors and vesicular 

glutamate transporter 3 in basal forebrain suggests input-specific retrograde 

signalling by cholinergic neurons 

 

4.2.1 Vesicular glutamate transport 

Classical neurotransmitters including L-glutamate are synthesized in the cytoplasm and 

are further concentrated in synaptic vesicles for their subsequent Ca
2+
-dependent release 

from presynaptic nerve terminals by activity-dependent exocytosis
125-129

. Glutamate 

accumulation in storage vesicles requires an active transport mechanism through the 

vesicle membrane. First evidence for the existence of specific glutamate uptake 

transporters into synaptic vesicles was provided in the 1980s and early 1990s
130-132

. 

Although, these studies examined the topic in detail, cloning of transporter molecules 

and their localization to particular cortical synapses only followed almost 20 years 

later
133-139

. 

Glutamate uptake into synaptic vesicles was shown to be driven by the electrochemical 

proton gradient (∆µH
+
) generated by a vacuolar or V-type H

+
-MgATPase

130,133
. ATP 

hydrolysis generates ∆µH
+ 
consisting of two elements: first, a pH gradient across the 

vesicles membrane (∆pH) with a more acidic vesicular pH (pHin=6.8) than that in the 

outside of the lumen (pHout=7.4). Second, an electrical potential difference (∆Ψ) with a 

more positive electrical environment in the organelle than the corresponding membrane 

potential
131
. 

Vesicular glutamate transport, unlike the other neurotransmitter uptake systems, is 

sensitive to changes in the intracellular chloride concentration that can be exploited for 

experimental (Paper III) and probable therapeutic purposes
129-131

. According to Tabb 

and colleagues
140
, at physiological chloride concentrations (4 mM) both ∆pH and ∆Ψ 

play an important role in glutamate uptake. However, Wolosker and his co-workers
141
 

argued that 4 mM chloride does not establish a ∆pH. Instead, at low chloride 

concentration (0-1 mM) ∆Ψ but at high concentration (greater than 50 mM) ∆pH 

provides the main driving force for the uptake mechanism. It is hypothesised that 

chloride can regulate the transport by modulating the relative proportion of ∆pH and ∆Ψ 

comprising ∆µH
+131,140

. Chloride also exerts an additional allosteric modulatory effect on 

vesicular glutamate transport possibly via an anion-binding site (distinct from the site of 

substrate recognition) associated with the glutamate transporter
128,129,141

. Nevertheless, 



 

   31 

maximal glutamate transport is reached in the presence of 2-10 mM [Cl¯]
128
 with 

primarily dependence on the electrical component of the ∆µH
+
 in neurons

133
. 

 

4.2.2 Vesicular glutamate transporters 1 & 2 

A protein family that mediates membrane inorganic phosphate (co)-transport and 

exhibiting close bioenergetic rules to those described above was discovered 

approximately in parallel with the biophysical characterization of glutamate shuttling 

into synaptic vesicles
128,142-145

. The brain-specific Na
+
-dependent inorganic phosphate 

transporter (BNPI) was subsequently shown to modulate glutamatergic 

neurotransmission at the presynaptic level, and BNPI was neuroanatomically localized to 

presynaptic boutons
146
. BNPI was unequivocally identified as the brain-type inorganic 

phosphate transporter mediating glutamate accumulation in synaptic vesicles by two 

competing groups and renamed as vesicular glutamate transporter 1
133,147

. Bellocchio 

and her co-workers showed that VGLUT1 has an affinity to glutamate with Km of ~1 

mM and becomes saturated at ~2 mM.  

A new type of Na
+
-dependent inorganic phosphate transporter was isolated by Aihara et 

al. coincident with the identification of VGLUT1
148,149

. This molecule has 82% amino 

acid identity and 92% similarity to BNPI. This transporter was named differentiation-

associated Na
+
/Pi cotransporter (DNPI) because its homologue first studied was 

expressed during differentiation of activin A and beta-cellulin-treated rat pancreatic 

cell
149
. DNPI mRNA expression in neurons was described by Hisano et al.

150
 with 

subsequent vesicular DNPI localization in excitatory nerve cells
126
. These pioneering 

observations were followed by defining that DNPI is a vesicular glutamate transporter 

with bioenergetical, pharmacological and kinetic characteristics similar to those 

displayed by VGLUT1 in native synaptic vesicles
138
. Ultrastructural studies

128,138
 have 

localized DNPI to synaptic vesicles in terminals exhibiting classic asymmetric 

(excitatory) features. Thus, DNPI was subsequently renamed as VGLUT2. 

VGLUT1 mRNA is strongly expressed in the cerebral cortex, hippocampus and the 

cerebellar cortex
126,135

. In contrast, VGLUT2 mRNA is expressed in the thalamus, 

brainstem and deep cerebellar nuclei. In brain regions where both transporters are 

expressed (e.g., cerebellum, spinal cord), VGLUT1 and VGLUT2 proteins localize to 

largely complementary sets of glutamatergic neurons. If coexpressed, VGLUT1 and 

VGLUT2 can often be localized to the same nerve endings
151
. However, in hippocampal 
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neurons, these transporters are targeted to strikingly distinct synaptic 

boutons
125,126,128,135,147

. From a functional point of view, VGLUT2 is generally thought to 

associate with synapses that have high release probability, while VGLUT1 is found in 

nerve endings with rather low release probability
135
. While data presents that VGLUT 

expression does not occur in axonal tracts, evidence has been provided that cultured 

astrocytes can express VGLUTs and operate quantal glutamate release
148,152

. 

 

4.2.3 Vesicular glutamate transporter 3 

Several lines of evidence show that glutamate can co-exist in phenotypically different 

sets of neurons (e.g., midbrain dopamine cells or serotonin-containing neurons in raphe 

nuclei) or cell types (e.g. astrocytes) without or with almost undetectable co-localisation 

of VGLUT1 or VGLUT2 (for review see
128
). This prompted the cloning of a third 

vesicular glutamate transporter (VGLUT3) that VGLUT3 can mediate glutamate uptake 

into synaptic vesicles with properties similar to those of VGLUT1 and 

VGLUT2
134,136,137,153

. Glutamate uptake by VGLUT3 is also driven by the proton 

electrochemical gradient established and maintained by the V-ATPase. VGLUT3 

exhibits a biphasic dependence on the [Cl¯]. Contrasting the distribution of the other two 

known types of VGLUTs, VGLUT3 appears to be widely present not only at 

glutamatergic synapses, but also at GABAergic, cholinergic and monoaminergic nerve 

endings
134,151,153

. In addition, VGLUT3 immunoreactivity was also localized to the 

somatodendritic axis of neurons including hippocampal interneurons and pyramidal 

cells
29,134

 supporting the concept that this transporter may be required for retrograde 

dendritic release of glutamate
3,54
 (Paper III). 

 

4.2.4 Findings 

In Paper II we have studied the distribution of VGLUT3 and CB1R, molecular 

components of independent retrograde signalling systems
124
. We have focused on basal 

forebrain cholinergic neurons given their involvement in regulating synaptic plasticity in 

isocortical areas, and our primary findings that subsets of cholinergic projection cells are 

situated in topographically organized afferents containing CB1Rs. 

We have found that: 

1. cholinergic basal forebrain neurons do not express CB1Rs at levels reminiscent 

of those found in a parallel study
123
, 
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2. a meshwork of very thin caliber CB1R-immunoreactive fibers exists in 

cholinergic basal forebrain territories, 

3. thick, varicose fibers with pronounced CB1R immunoreactivity concentrate in 

the lateral septum, ventral pallidum and substantia innominata, 

4. CB1R-immunoreactive axons innervate FAAH-immunopositive neurons and 

virtually all cholinergic basasl forebrain neurons express FAAH, 

5. varicose VGLUT3-labeled axons occupy territories devoid of CB1R 

immunopositive innervation, 

6. a significant proportion of cholinergic cells exhibit VGLUT3 immunoreactivity 

in the medial septum, diagonal bands and MBN and are in closed apposition to 

VGLUT3-immunopositive nerve endings, 

7. VGLUT3 expression is largely absent in ventral pallidum and substancia 

innominata. 

Cumulatively, we have identified complementary distribution patterns of CB1R and 

VGLUT3-containing projections to cholinergic basal forebrain nuclei. The well-

organized structural separation of these signalling mechanisms in the basal forebrain 

may represent feedback pathways from projection targets of cholinergic neurons and 

appear to be critical for regulating the activirty of cholinergic efferents originating in the 

basal forebrain. 

 

4.3 PAPER III 

Endocannabinoid-independent retrograde signalling at inhibitory synapses in 

layer 2/3 of neocortex: involvement of vesicular glutamate transporter 3 

The strength of synaptic transmission is controlled by the release of retrograde 

messengers from postsynaptic neurons that impact neurotransmitter release through the 

activation of presynaptic receptors
124
. Recent studies delineate the complexity of 

signalling mechanisms operating in parallel, though at different synapse populations and 

at different levels of stringency, including BDNF, Wnt, and probably also glutamate-

mediated retrograde signalling (Fig. 3). FS cells are probably the only cell type in the 

cerebral cortex that does not express CB1Rs
45,85

. Therefore, glutamate release from 

pyramidal cell dendrites has been suggested as an alternative means to tune short-term 

synaptic plasticity at inhibitory microcircuits between FS cells and pyramidal neurons in 



 

 34 

L2/3 of the neocortex
3
. The aim of this study was therefore to demonstrate whether 

glutamate does in fact act as a retrograde messenger at these synapses. 

 

4.3.1 Findings 

In Paper III we used dual whole-cell recordings combined with correlated light and 

electron microscopy and neuropharmacology challenges to decipher whether dendritic 

release of glutamate underscores retrograde signalling. 

We have demonstrated that: 

1. the efficacy of FS to pyramidal cell inhibitory synapses is not modulated by 

CB1R agonists or antagonists, 

2. CB1Rs are not present at inhibitory synapses of FS cells targeting the perisomatic 

segment of L2/3 pyramidal neurons, 

3. CB1Rs are selectively expressed by VGLUT3/CCK-containing basket cells: 

while VGLUT3 is present in both somatodendritic and axonal microdomains of 

these interneurons, CB1Rs are selectively targeted to the axon, 

4. VGLUT3-like immunoreactivity is present in the dendrites of layer 2/3 

pyramidal neurons in the neocortex, 

5. VGLUT3-like labeling is localized to vesicular structures, which show a 

tendency to accumulate in close proximity to post-synaptic specializations in 

dendritic shafts of pyramidal cell, 

6. non-selective pharrmacological disruption of VGLUT functions by intracellular 

application of Evans blue or by modulating the intracellular Cl¯ concentration 

impairs retrograde signalling. 

In sum, our results reveal a novel means of retrograde signalling in neocortical neuronal 

microcircuits following the molecular scenario that 1) backpropagating action potentials 

in pyramidal cell dendrites cause an increase in dendritic Ca
2+
 concentration. 2) Local 

Ca
2+
 elevation induces exocytosis

3
 of release vesicles from subsynaptic dendrite 

segments. 3) Filling of release vesicles is likely dependent on VGLUT3. 4) Glutamate 

activates presynaptic mGluRs that couple to an inhibition of voltage-gated Ca
2+
 

channels. 5) Consequently, action potentials generated by the FS cell will arrive when 

presynaptic Ca
2+
 is low. 6) This translates into a decreased probability of GABA release 

from FS interneuron terminals. 
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4.4 PAPER IV & V 

(IV) Brain-derived neurotrophic factor controls functional differentiation and 

microcircuit formation of selectively isolated fast-spiking GABAergic 

interneurons 

(V) Calpain activity contributes to the control of SNAP-25 levels in neurons 

 

4.4.1 Maturation of GABAergic synapses: calpains cleave SNAP-25 

Normal brain function relies on the fine balance of activity between the two most 

widespread fast synapse populations in the CNS: inhibitory GABAergic and excitatory 

glutamatergic terminals. In recent years, evidence has accumulated demonstrating that 

GABAergic and glutamatergic neurons express different molecular components 

involved in neuronal development, intracellular signalling, and pre/postsynaptic 

functions. Glutamatergic and GABAergic terminals significantly differ in their synaptic 

protein contents: besides the diversity of anchoring proteins of postsynaptic GABA and 

glutamate receptors, many presynaptic proteins differentially affect GABAergic and 

glutamatergic synapses (for review see
154
). For instance, loss of the presynaptic protein 

Munc13-1, an essential protein for priming of synaptic vesicles in hippocampal neurons, 

induces a dramatic reduction in the size of the readily releasable vesicle pools and in 

evoked neurotransmission in glutamatergic neurons, without affecting GABAergic 

transmission. Similarly, the synaptic vesicle-associated proteins synapsins play different 

roles in these two neuronal cell types by determining the number of vesicles in the 

reserve pool at excitatory synapses, and the number of vesicles in both the readily 

releasable and the reserve pool at inhibitory synapses.  

SNAP-25 (synaptosomal-associated protein of 25 kDa) belongs to the SNARE 

superfamily of small membrane proteins that participate in the regulation of synaptic 

vesicle exocytosis. It is a membrane bound protein anchored to the cytosolic surface of 

membranes via palmitoyl side chains located in the central region of the molecule, and 

contributes two α-helices in the formation of the exocytotic fusion complex together 

with syntaxin-1 and synaptobrevin, which is required for vesicle fusion
155,156

. Besides its 

cognate SNARE proteins, SNAP-25 also interacts with the synaptic vesicle protein 

synaptotagmin I providing an essential mechanism for triggering the Ca
2+
-dependent 

membrane fusion (and for controlling fusion pore dynamics during the final steps of 

exocytosis. SNAP-25 therefore represents a multifunctional protein involved in the 

control of neurotransmitter secretion via several interactions. The concept that SNAP-25 
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plays additional functions besides formation of the pore complex is in line with the 

evidence that the protein, which is probably the most abundant protein in brain is not 

exclusively localized at synaptic sites but is also present all along axons and dendrites.  

In 2004, SNAP-25 was reported to be virtually absent from mature GABAergic 

inhibitory synapses
156
. This finding appeared long after the initial report showing that 

SNAP-25 is heterogeneously expressed in distinct populations. This observation was 

subsequently extended to adult mouse hippocampus
157
 and human brain

158
. Notably, a 

partial colocalization between SNAP-25 and GABAergic markers was detected in the 

prenatal mouse hippocampus and in developing neurons at early stages in culture
157
 

indicating a developmentally-regulated disappearance of SNAP-25 immunoreactivity 

during interneuron differentiation. It was also reported that the progressive reduction of 

SNAP-25 immunoreactivity in interneurons occurs at a greater speed in neuronal 

cultures obtained from rat compared to mice. Differences in SNAP-25 levels at 

inhibitory and excitatory hippocampal synapses may be consequences of mechanisms 

operating at the post-transcriptional level given that SNAP-25 is occasionally detected in 

the Golgi area of mature interneurons in culture
157
 and SNAP-25 mRNA is present in 

adult hippocampal inhibitory neurons. The differential accumulation of SNAP-25 in 

specific nerve terminals may be due instead to differences in mRNA translation, to the 

rapid turnover of the SNAP-25 polypeptide at specific nerve terminals, or could reflect 

differential axonal processing or transport that is restricted to mature interneurons. 

Notably, a robust reduction of SNAP-25 expression in fast-spiking GABAergic 

interneurons
159
 is associated with their progressive morphogenesis and functional 

specification, and only occurs in the presence of BDNF. Therefore, the use of 

selectively-isolated FS GABAergic interneurons allowed us to explore the enzymatic 

machinery keeping SNAP-25 levels at minimum in GABAergic interneurons. 

 

4.4.2 Findings in Paper IV 

In Paper IV we established high-purity FS cell cultures and defined conditions 

promoting their morphological and functional development in vitro. 

We have shown that: 

1. cultures enriched in FS cells can be established when targeting the Kv3.1b 

potassium channel subunit as phenotypic markers. Kv3.1b is expressed by FS 
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cells to generate high-frequency oscillations. Kv3.1b is expressed from ~E17 day 

in prospective FS cells of the embryonic mouse cerebrum, 

2. isolated cells acquire many neurochemical and electrical characteristics of 

resembling FS cells in adult neocortex and hippocampus, 

3. FS cells form reciprocal synapses in culture, 

4. BDNF increases the somatic diameter and dendritic branching of FS cells in 

vitro, 

5. BDNF induces synaptogenesis, 

6. BDNF drastically enhances the firing frequency of FS cells in vitro, 

7. BDNF-treated FS cells express PV by 16 days in vitro thus recapitulating the in 

vivo differentiation program of this basket cell subtype. 

 

4.4.3 Findings in Paper V 

Calpains are a family of Ca
2+
-dependent proteases with abundant expression in the CNS, 

and potent in cleaving some synaptic components, particularly SNAP-25. Therefore, we 

have explored the possibility that calpain levels are different between GABAergic 

interneurons and glutamatergic principal cells. If so, elevated calpain levels could 

contribute to the posttranslational control of SNAP-25 and explain the virtual lack of 

SNAP-25 from inhibitory synapses. We have also tested the possibility that calpain may 

act as a local Ca
2+
 sensor capable of proteolysing SNAP-25 upon calcium influx at 

inhibitory terminals under pathological conditions. 

We have identified that: 

1. glutamate stimulates calpain activity that in turn contributes to enhanced SNAP-

25 degradation in cultured hippocampal neurons, 

2. SNAP-25 cleavage by calpain is Ca2+ dependent and generates multiple 

degradation products, 

3. calpain mediates activity-dependent SNAP-25 cleavage in vivo, 

4. epileptic seizure induction by systemic kainite administration enhances calpain-

dependent SNAP-25 degradation, 

5. SNAP-25 levels negatively correlate with FS cell differentiation. Prolonged 

calpeptin treatment stabilizes immunocytochemically-detectable levels of SNAP 

25 in GABA cells. 
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Overall, our data demonstrate that calpain cleaves SNAP-25 in vivo and calpain reduces 

SNAP-25 levels during GABAergic interneuron development. The finding that epileptic 

seizures induce rapid calpain-dependent SNAP-25 degradation suggest that enzymatic 

degradation and rearrangements of SNARE complexes may be of pathogenic 

significance and contribute to the synchronous entrainment of large pyramidal cell 

assemblies. 

 

4.5 PAPER VI 

Endocannabinoids regulate interneuron migration and morphogenesis by 

transactivating the TrkB receptor 

 

4.5.1 The roles of BDNF in neuronal development 

Neurotrophins are important in the regulation of brain development including the 

survival and differentiation of neurons as well as establishment of synaptic 

contacts
103,160-163

. BDNF actions are mediated through the tropomyosin-related kinase 

receptor B (TrkB). Binding of BDNF to TrkB induces receptor dimerization and 

recruitment of adaptor molecules that subsequently activate signalling cascades. The 

three best characterized pathways are the Ras/extracellular signal regulated kinase 

(ERK) pathway, the PI3K pathway and phospholipase Cγ (PLCγ)
163,164

. Recent data 

demonstrate that Trks can be trans-activated by G protein-coupled receptors
165
. The 

major candidates mediating GPRC-induced transactivation are the Src kinase family 

activated downstream from both Trk receptors and GPCRs
165-167

. 

BDNF and TrkB receptors are expressed from the early embryonic stages in the CNS. 

Their expression shows similar pattern both in the adult and in the midgestation embryo 

(E13.5). Highest TrkB receptor levels in the adult CNS are found in the cerebral cortex, 

the granular layer of the dentate gyrus and the pyramidal layer of the hippocampus. TrkB 

receptors are absent in the corpus callosum and the fimbria-fornix hippocampus. BDNF 

is expressed in the developing and adult hippocampus and neocortex
161,168

 suggesting 

role for BDNF in the formation of cortical microcircuits. In the neocortex, TrkB 

receptors are expressed in both pyramidal neurons and cortical GABAergic interneurons, 

although highest expression is observed in PV-expressing FS cells
169,170

. However, 

BDNF production and release is restricted to pyramidal cells
169,170

. Thee temporal 

dynamics of BDNF expression is lagely defined by sensory input and is dependent on 

electrical activity
171
.  
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The dynamic regulation of TrkB receptor and BDNF ligand availability contributes to 

shaping the molecular composition of growing and mature axons: BDNF affects areal 

expansion of the neocortex through affecting the migration and survival of neurons
172
, 

adjusts philopodial number and size in growth cones, triggers the activity glutamate 

receptors
173
, determines dendritic complexity

174,175
, and tunes synaptic strength

176
. 

Particularly, BDNF is a powerful morphogen that controls cytoarchitectural and 

neurochemical maturation of diverse interneuron subclasses 
177
. BDNF triggers synaptic 

strengthening by retrograde focal release
81
 and tonic enhancement of synaptic efficacy. 

Overall, BDNF is considered a key morphogen establishing neuron diversity and 

functionality during corticogenesis. 

 

4.5.2 Findings in Paper VI 

Neurodevelopmental effects of BDNF including facilitating of morphological 

maturation, neurochemical diversification, and synapse establishment and strengthening 

are well established. However, it is not known whether eCB signalling affects brain 

development. 

In Paper VI we have established that: 

1. cortical interneurons express CB1Rs during their intracortical, interlaminar 

migration, 

2. the CB1Rs is a suitable target to separate CCK-containing GABAergic basket 

cells, 

3. eCBs act as chemoattractants for CB1R-expressing GABAergic interneurons in 

vitro, 

4. selective inhibition of TrkB receptors abolishes eCB-induced cell migration, 

5. eCBs use the TrkB receptor signalling system to couple to a neuromigratory 

response, 

6. CB1R/TrkB signalling interactions are localized to lipid rafts, 

7. Src family kinases act as downstream effectors from CB1R/TrkB signalosome 

complexes, 

8. eCBs inhibit interneuron neurite extension, and abolish BDNF-induced neurite 

growth, 
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9. inhibition of Src and mitogen-activated protein kinase induces significant 

neurite elongation and branching in the presence of AEA. The opposite effects 

of AEA and BDNF on neurite extension suggest that temporally and spatially 

distinct signalling events mediated by CB1Rs and TrkB receptors with a central 

role for Src kinase-induced downstream signalling, rather than receptor 

transactivation, may provide the underlying mechanism. 

10. ∆9-THC impairs interneuron positioning in vivo. 

Overall, this study identifies eCB signalling as a discrete signalling cassette that controls 

interneuron development through context-dependent modulation of neurotrophin action. 
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5 Discussion 

 

Retrograde synaptic signalling is fundamental to maintain synaptic plasticity and to 

ascertain activity-dependent adaptations of synaptic efficacy. This thesis cumulatively 

argues that diffusible factors essential for nervous system patterning, establishing diverse 

neuronal progenies, and controlling the spatial stringency of synaptogenesis undergo a 

role switch during the neonatal (activity-dependent) critical period to function as 

retrograde messengers at established synapses in adult neuronal networks. I have 

dissected key aspects of the signaling complexity of both endocannabinoid (CB1R-

dependent) and glutamate (VGLUT3-dependent) mediated retrograde signalling 

pathways (Paper I-III) and reveal that GABAergic interneuron development – including 

aspects of interneuron migration and the acquiring of a characteristic cytoarchitecture – 

is particularly reliant on these signaling cassettes (Paper IV-VI). 

 

5.1 Paper I 

The first report presented here provides comparative morphological evidence on the 

distribution and neurochemical identity of CB1 receptor containing axons in the 

forebrain of young and aged gray mouse lemurs and rodents. The major finding of this 

study is that only minor differences were noted in CB1R distribution in cholinergic basal 

forebrain territories between the lemur and rodent. Thus, like many other signaling 

systems, endocannabinoids also maintain their characteristic molecular signature across 

various mammalian species. In contrast, evolutionary expansion of the neocortex and 

hippocampus associated with an increase in the computational power and integrative 

capacity of these areas is paralleled by an augmented layer specificity of cortical CB1R-

containing terminal fields as revealed by a robust increase in the density of CB1R
+
 

afferents. We have also observed changes in the density, subterritorial distribution, and 

postsynaptic targets of CB1R
+
 afferents invading amygdaloid structures. A plausible 

explanation for these intespecies differences is the increased ability of primates to 

perform operant learning and express complex emotions. Similarly, one can argue that 

evolutionary differences in striatopallidal territories (CB1Rs are present in the globus 

pallidus of rodents but not prosimian primates) may indicate substantial changes to the 

wiring diagrams of mesocorticolimbic neuronal circuitries whose function underpins the 

molecular control of reward. 
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Distribution of CB1R-ir processes exhibited significant area-specific differences in the 

lemur cerebral cortex. A CB1R-ir axon meshwork concentrated in L2/3 of the cingulate 

and frontal areas, whereas all cortical laminae of the parietotemporal areas possessed 

CB1R-positive axon segments. We assume that these differences are related to the 

divergent functions these cortical regions subserve. In particular, primary areas 

associated with motor control include the cingulate and frontal cortex and thus, their 

outputs are highly specific but stable without a need for constant plastic reorganization 

during movement control. In contrast, the parietotemporal cortex, involved, among 

others in visual recognition and auditory information processing, is highly plastic with 

rapid rates of functional reorganization. Therefore, the increased density of cortical 

afferents harboring CB1Rs in parietotemporal areas suggests an enhanced capacity of 

synaptic feedback regulation required for fine-tuned sensory and associative mechanisms 

supporting information filtering, storage and retrieval. CB1R
+ 
afferents provided 

perisomatic innervation to cortical pyramidal cells in the gray mouse lemur that was also 

apparent when considering layer-specific densities of CB1R immunoreactivity in the 

neocortex and hippocampus. A major difference between rodents and lemurs was the 

apparently decreased number of cortical and hippocampal interneurons with perisomatic 

CB1R immunoreactivity in primates. This finding may suggest rapid removal of newly 

synthesized CB1Rs from the Golgi apparatus and increased rates of axonal transport. 

Conspicuously, we did not find robust changes in the spatial distribution and 

neurochemical composition of CB1R-containing cortical afferents during aging. 

Considering that adequate CB1R functions are required to control neurotransmitter 

release in cortical neuronal networks, our data suggest that CB1Rs per se may not be 

limiting synaptic plasticity during aging. We propose that phylogenetic differences in the 

organization of endocannabinoid signaling systems amongst rodents and primates 

(including humans) represent neuroanatomical correlates of the increasing complexity of 

information processing and of adaptive changes in synaptic plasticity associated with 

higher cognitive functions. 

 

5.2 Paper II 

Data in this report establish complementary distribution of CB1R
+
 and VGLUT3

+ 

afferents in rodent basal forebrain and the spatial relationship of neurochemically-

identified nerve endings to subsets of cholinergic projection cells as well as interneurons. 

The presence of morphologically distinct types of CB1R
+
 afferents in apposition to 
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cholinergic neurons across the basal forebrain supports the hypothesis that cholinergic 

nerve cells may control the efficacy of a subset of their synaptic inputs by activity-

dependent eCB release. 

Pharmacological studies indicate that septohippocampal cholinergic projections can 

interact with and modulate the action of eCBs in hippocampus
78,124

. Our data show that 

cholinergic terminals is hippocampus and cerebral cortex are devoid of detectable 

quantities of CB1Rs under physiological conditions – see Nyiri et al.
123
 otherwise – and 

suggest that acetylcholine-mediated stimulation of postsynaptic neurons and the degree 

of subsequent eCB release therefrom may be a key heterosynaptic mechanism to affect 

the efficacy of neighbouring non-cholinergic, CB1R
+
 nerve endings. Perturbation to this 

regulatory cascade may be of significance in Alzheimer’s disease, which is associated 

with a remarkable loss of subcortical cholinergic innervation, and consequently, with 

reduced acetylcholine release in the hippocampus and cerebral cortex. A progressively 

reduced cholinergic drive can indirectly dysinhibit CB1R
+
 terminals and profoundly shift 

the excitation/inhibition balance in corticolimbic neuronal networks. 

We have also confirmed that cholinergic interneurons in mouse striatum exhibit strong 

VGLUT3 immunoreactivity. In addition, several cholinergic forebrain areas (e.g. 

magnocellular basalal nucleus) receive strong VGLUT3 immunoreactive-innervation, 

whereas other territories (e.g. substancia innominata) are largely devoid of VGLUT3 

axons. Multiple immunofluorescent labeling revealed that cholinergic neurons along 

with parvalbumin-containing GABA cells are immunoreactive for VGLUT3 throughout 

the basal forebrain. Analysis of the cellular distribution of VGLUT3 in cholinergic 

neurons revealed that not only cholinergic perikarya but also proximal segments of 

multiple primary and secondary dendrites contained appreciable VGLUT3 levels. These 

findings substantiate previous observations suggesting that glutamate can be synthesized 

and co-release from cholinergic terminals of basal forebrain projection neurons
178
. 

Moreover, we postulate that VGLUT3 in cholinergic cells controls retrograde signalling 

by regulating dendritic vesicular glutamate release in a manner similar to that described 

in pyramidal cells (Paper III). This hypothesis is also supported by the presence of 

VGLUT3 immunoreactive synapses on cholinergic neurons, suggesting that VGLUT3 

may be involved in synaptic signalling both at the pre- and postsynaptic level. 

The spatial separation of CB1R
+
 and VGLUT3

+
 terminals in the basal forebrain may 

represent feedback pathways operating at different levels of fidelity and originating from 

distinct local or distant neuron populations projecting to the basal forebrain. The 
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presence of both CB1R
+
 and VGLUT3

+
 nerve endings in apposition to cholinergic 

dendrites suggests that cholinergic neurons harbour the capcity to recruit specific 

signaling cascades to non-overlapping dendrite domains whereby allowing differential 

control of the activity of physiologically and neurochemically segregated synaptic 

inputs. These observations may be important in understanding the multimodal 

contribution of cholinergic neurons to learning, memory formation, storage and retrieval, 

and emotional control. 

 

5.3 Paper III  

During the past decade, several putative retrograde messengers (also including eCBs, 

BDNF and glutamate) have been identified (Fig. 3). In Paper III we explored the 

identity of retrograde
 
messenger(s) providing fast feedback control between fast-spiking 

interneurons and pyramidal
 
cells. Our show that (i) retrograde signalling in FS 

interneuron-pyramidal
 
cell synapses is not mediated by eCB release, (ii)

 
retrograde 

signalling strongly depends on postsynaptic [Ca
2+
]
 
and is prevented by antagonists of 

vesicular exocytosis, (iii)
 
VGLUT3 is located in vesicle-like structures in dendrites of

 

pyramidal cells, and (iv) antagonists of VGLUT-mediated glutamate
 
uptake abolish 

retrograde signalling. These results cumulatively suggest that
 
glutamate can suffice to act 

as a retrograde messenger at inhibitory synapses in
 
layer 2/3 of neocortex.

  

Accumulation of glutamate in storage vesicles in pyramidal cell
 
dendrites requires the 

presence of a vesicular neurotransmitter transporter, such as VGLUT3. The axonal, 

VGLUT1- or VGLUT2-mediated and VGLUT3-dependent dendritic
 
vesicular release 

machineries provide a dual role for glutamate
 
in neuronal communication. Importantly, 

glutamate release from
 
pyramidal cell dendrites follows the classic scenario of quantal

 

exocytosis, suggesting that glutamate-mediated retrograde synaptic
 
communication, in 

contrast to endocannabinoid signalling
39,48

, and affects only particular synapses in a 

"targeted"
 
manner. Recently, Trettel and Levine

179
 have reported, by means of field 

recordings in pharmacological paradigms, endocannabinoid-mediated
 
retrograde 

signalling at inhibitory synapses in layer 2/3 pyramidal
 
cells. These data together with 

our present findings therefore
 
suggest that pyramidal cells may simultaneously use 

functionally
 
different mechanisms of retrograde signalling to control the

 
efficacy of input 

synapses of distinct origin along their dendritic
 
arbor. 
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5.4 Paper IV & Paper V  

The morphological and functional diversity of GABAergic interneurons underscores 

their involvement in regulating the output of various excitatory cell populations in the 

neocortex and hippocampus
21
. The neurochemical heterogeneity of interneuron subtypes 

suggests the existence of multiple cell surface receptors and channels can be used for the 

target specific isolation process to separate these interneuron subclasses. To this end, we 

have established an efficient TSI method allowing cell biology studies on high-purity FS 

interneuron cultures. The TSI method was subsequently used (i) to analyze the 

morphological, neurochemical and electrophysiological maturation of cultured 

interneurons, (ii) to study the formation of reciprocal elementary microcircuits between 

pairs of FS cells in vitro (Paper IV), and (iii) to decipher intracellular signalling 

mechanism underscoring terminal differentiation of inhibitory synapses (Paper V). 

We concluded that TSI has a discrete niche among available methodologies and can 

assist the phenotypic characterization of developing interneuron subtypes while they 

transit from a precursor state to a morphologically and functionally defined interneuron 

subtype. In addition, TSI appears as an appropriate tool (i) to study temporal aspects of 

neurochemical and electrophysiological differentiation; (ii) to establish the genetic 

profiles of distinct interneuron subsets; (iii) to reveal the roles of neurotrophins and other 

developmental cues in interneuron development; and (iv) to identify mechanisms of 

interneuron integration in developing neuronal microcircuits in vitro. It must be noted 

that TSI methods have several limitations. Interneuron specification is delayed during 

embryogenesis and also persists during the early postnatal period. As in vitro 

maintenance of selectively isolated postnatal interneurons is rather problematic, 

sometimes depends on the concerted action of multiple trophic factors (Dobszay et al., 

unpublished observations), a narrow time-window is only available to harmonize the 

degree of isolation selectivity with decrementing neuronal survival. Therefore, 

embryonic, partially specified interneurons with greater survival and plasticity appear as 

preferred targets for immunoisolation technologies. 

 

5.5 Paper VI 

Cortical interneurons are derived from non-overlapping segments of the ganglionic 

eminences
25
, migrate tangentially, and populate cortical laminae in an inside-out 

pattern
76
. Although an array of chemoattractant and chemorepellant factors direct long-

distance interneuron migration, little is known about intrinsic microenvironmental 
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factors that determine the proper placement and phenotypic differentiation of particular 

interneuron subtypes. BDNF, selectively expressed and secreted by pyramidal cells, is a 

differentiation signal for GABAergic interneurons (Paper IV). To demonstrate that eCBs 

may act as morphogens to control particular stages of interneuron development, and may 

have an interplay with BDNF when regulating neurodevelopmental programs of 

particylar cell lineages, we have exposed CB1R
+
 interneurons sorted from embryonic 

cortices to combinations of exogenous or endogenous CB1R ligands. We identified eCBs 

as chemoattractants for CB1R containing interneurons. In addition, a signalling 

interaction between CB1Rs and TrkB receptors was observed showing that eCBs use the 

TrkB receptor signalling system to induce interneuron migration. 

eCB effects on the morphological specification of CB1R
+ 
interneurons were tested using 

pharmacological means. AEA inhibited neurite extension by a CB1R-mediated 

mechanism, because AM251 (a synthetic inverse agonist at CB1R) blocked the AEA-

induced growth arrest. As anticipated, BDNF increased neurite growth and branching. 

However, AEA eliminated the BDNF-induced neuronal growth response. 

Our results expose a role for eCBs during CNS development. Specifically, eCBs provide 

a mechanism for the cellular control of interneuron migration and differentiation by 

regulating neurotrophin actions. We propose that the placement of interneurons 

migrating in the neocortex is determined by the temporal availability of target-derived 

eCBs and neurotrophins. Once proper positioning is acquired, the extension of the 

dendritic tree is directed by neurotrophins under the regulatory drive of eCBs. Notably, 

these pathways appear to be significant in driving the development of cortical neuronal 

networks, for which a balance of eCB and neurotrophin signalling seems. Consequently, 

interfering with the delicate balance of eCB signalling even through exposure to low to 

moderate concentrations of synthetic cannabinomimetics or ∆
9
-THC during 

embryogenesis may trigger aberrant patterning of CCK/ CB1R-expressing interneurons 

in the neonatal hippocampus. The notion that ∆
9
-THC significantly affects this principal 

subset of perisomatic inhibitory basket cells
180
 suggests that an altered inhibitory drive 

on pyramidal cells triggers could trigger lasting deficits in hippocampal neuronal 

circuitries. 
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5.6 General notes 

Endocannabinoids were originally identified as retrograde messengers inhibiting 

presynaptic neurotransmitter release in adult neuronal networks. Maternal marijuana 

smoking during pregnancy triggers cognitive, motor, and social deficits that endure into 

adulthood of affected offspring
99
. These clinicopathological observations stimulated 

interest in the function of cannabinoids and their receptors during prenatal and perinatal 

development. It is now clear that endocannabinoids instruct key developmental 

processes, including differentiation, migration, and survival of neural progenitors and 

dictate the phenotypic differentiation of neurons (Paper VI). Therefore, further studies 

are envisaged to understand the molecular hierarchy of endocannabinoid signaling 

within the complexity of neurodevelopmentally coexisting signalling networks, and to 

pinpoint the molecular signaling entities and genetic substrates of maternal cannabis 

abuse in the fetal nervous system. 
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6 Conclusions 

 

Developmental assembly and maintenance of the enduring functional integrity of 

cortical neuronal networks is controlled by a vast array of diffusible factors. This thesis 

provides evidence that: 

 

• organizing principles of CB1R-containing neurons and their terminal fields 

within the basal forebrain are evolutionary conserved between rodents and 

prosminian primates (Paper I). 

 

• the expansion and cytoarchitectonic differentiation of neocortical subfields in 

primates is associated with differential cortical patterning of CB1R-containing 

subcortical and intracortical afferents (Paper I). 

 

• eCB and glutamate-mediated retrograde signalling cascades tune non-

overlapping synapse populations in isocortical and basal forebrain territories 

(Paper II). 

 

• a single neuron may be capable of expressing components of many retrograde 

signalling systems. However, recruitment of retrograde signalling networks is 

always synapse specific and is defined by a developmental interplay between 

pre- and postsynaptic neurons (Paper III). 

 

• glutamate may act as a retrograde messenger upon quantal release from 

subsynaptic dendrites to tune the efficacy of afferent inputs originating from FS 

interneurons (Paper III).  

 

• target specific isolation provides an adequate tool to enrich interneuron subtypes 

for subsequent molecular and cell biology studies (Paper IV-V). 

 

• eCBs play unexpectedly fundamental roles during formation of the cerebral 

cortex (Paper VI). 
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ÖSSZEFOGLALÓ  

 

Az agykéreg idegsejtjeinek két fő csoportját már több mint 100 esztendővel ezelőtt 

elkülönítették. A serkentő piramissejtek száma mintegy tízszerese a gátló GABAerg 

interneuronokénak. Az interneuronok alcsoportjainak megfelelő osztályozása, mely 

pontosan meghatározza például azok speciális elrendeződését, citoarchitektúráját, 

neurokémiai és molekuláris különbségeit, elektrofiziológiai tulajdonságait valamint 

kapcsolatrendszerüket, még továbbra is intenzív kutatás tárgya. Az utóbbi évtizedekben 

egyre több kutatás irányult arra, hogy megértsük az előagyi interneuronok 

sokféleségének alapjait. Mára kialakult egy kifinomult koncepció, mely leírja a speciális 

interneuron alcsoportok születési helyeit, migrációs útvonalait, és azokat a vezérlő 

elveket, melyek az embrogenezis és a korai posztnatális periódus során az interneuronok 

molekuláris és funkcionális differenciálódását meghatározzák. Az interneuronok 

sokfélesége szerepet játszik a neuronális hálózatok plaszticitásában, amely alapvető 

jelentőségű a neuronális adaptáció és az információ feldolgozása folyamán.  

A retrográd jelátvitel jelensége során a posztszinaptikusan felszabaduló bioaktív hírvivő 

molekula átjutva a szinaptikus résen a preszintaptikus receptorához kötődik. A retrográd 

jelátvitel szerepet játszik az agyi szinapszisok plaszticitásának fenntartásában. A 

retrográd jelátvivők, mint az endokannabinoidok, a glutamát, γ-aminovajsav (GABA) és 

az ún. brain-derived neurotrophic factor (BDNF), a kutatások szerint alapvető hatást 

fejtenek ki az idegi fejlődésben. Mindez alátámasztja az ún. funkcionális folytonosság 

hipotézisét, mely megegyezést feltételez a magzati korra jellemző szinaptogenezis 

kulcsmolekulái, valamint azon anyagok között melyek a születés utáni szinapszis-

fennmaradásért felelősek.  

A jelen tézis fel kívánja tárni azt, hogy milyen kapcsolat tapasztalható a retrográd 

jelátvitelben szerepet játszó neuroanatómiai elrendeződés és az adott szignalizációs 

kazetták szinapszis-specifikussága között. Ezen túl munkám során bemutatom az 

endokannabinoid rendszer elsődleges idegfejlődési funkcióit az agykérgi 

interneuronokban. A tézis továbbá bemutatja, hogy a kortikális neuronális hálózatok 

kifejlődése, szerveződése és azok tartós funkcionális integritásának fennmaradása olyan 

morfogének kontrollja alatt van, melyek az agyban mind a neuronális mind a szinaptikus 

különbségek kialakulására jól körülhatárolható formában hatnak. 
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Célkitűzések 

 

Az agykérgi szinapszisokban tapasztalható retrográd jelátvitel szinapszis-specificitása, 

valamint az azokat működtető kifinomult molekuláris mechanizmusok alapján 

érdemesnek látszik megvizsgálni azt, hogy van-e kapcsolat a szinaptogenezis 

idegfejlődési mechanizmusa, (melynek során a pre- és a posztszinaptikus oldalak közötti 

dinamikus jelátvitel elősegíti a szinapszisok formálódását) és az érett szinapszisokban 

működő retrográd jelátvitel molekuláris anyagai között. Feltevéseink szerint néhány, a 

magzati telenkefalonban expresszálódó és az éretlen dendritekből felszabaduló kulcs 

morfogén szerepet játszik a szinapszisok születés utáni fennmaradásában és érésében is. 

Hipotézisünk szerint, ha a posztszinaptikus idegsejtekben ezeknek a neuroaktív 

anyagoknak dendritikus felszabadulása fennmarad, akkor az érintett faktorok végül 

retrográd jelátvivőként képesek működni. 

Munkám során molekuláris tulajdonságaikban és fejlődési programukban élesen 

elkülönülő periszomatikus kosársejt alcsoportok összehasonlító vizsgálatát végeztem el.  

 

A felnőtt telenkefalon esetén vizsgálni kívántam: 

• a CB1 receptorok eloszlását a kolinerg bazális előagyban és a neokortexben, 

különös tekintettel a fajok közötti különbségekre, valamint a CB1 receptorok 

serkentő és gátló agykérgi szinapszisok közötti megoszlására (I-II. publikáció), 

• az agykéreg 2/3 rétegének gyorstüzelő CB1 receptor-negatív interneuronjai és 

piramissejtjei között fennálló retrográd szinaptikus jelátvitel molekuláris alapjait 

(III. publikáció). 

 

A fejlődő nagyagy esetén vizsgálni kívántam:  

• segítheti-e a GABAerg interneuron alcsoportok szelektív izolálását lehetővé tevő 

eljárás, az FS interneuronok in vitro fejlődésének karakterizálását, beleértve a 

sejtek BDNF szükségletének leírását, amíg azok el nem érik a gyors frekvenciájú 

akciós potenciál sorozatok generálásának képességét (IV. publikáció), 

• hogyan járul hozzá a belső calpain aktivitás a synaptoszóma-asszociált 25 kDa 

protein (SNAP-25) mennyiségének szabályozásához a FS interneuronokban az 

egyedfejlődés folyamán (V. publikáció), 
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• a fejletlen kolecisztokinin-pozitív agykérgi interneuronok által kifejezett CB1 

receptorok fejlődéstani jelentőségét (VI. publikáció), 

az endokannabinoid szignalizáció, kölcsönhatásban az egyedfejlődés során működő 

neurotrofin jelátviteli rendszerrel, részt vesz-e az interneuronok migrációjának és 

morfológiai differenciálódásának irányításában (VI. publikáció). 

 

Eredmények 

 

A kortikális neuronális hálózatok tartós funkcionális integritásának kialakulása és 

fennmaradása nagyszámú diffúzibilis faktor kontrollja alatt áll. A tézisemben szereplő 

tanulmányok bizonyítják, hogy:  

 

• a CB1 receptor-tartalmú neuronok, valamint azok célterületeinek szerveződése a 

bazális előagyban evolúciósan konzervált a rágcsálók, valamint a félmajmok, 

mint a főemlősök képviselői között (I. publikáció), 

• az agykérgi mezők növekedése és citoarchitektonikai differenciálódása 

kapcsolatba hozható a CB1 receptor-tartalmú kéreg alatti és intrakortikális 

afferensek eltérő mintázatával (I. publikáció), 

• az endokannabinoid és a glutamát közvetítette retrográd jelátviteli kaszkád 

hozzájárul az izokortex és a bazális előagy területének eltérő szinapszis 

populációinál kimutatható plaszticitás kontrolljához (II. publikáció), 

• egy adott neuron képes több retrográd jelátvivő rendszer komponenseit is 

expresszálni, és ezeket dendritjének jól meghatározott helyén kifejezni. A 

retrográd szinaptikus hálózat kialakulása ugyanakkor mindig szinapszis-

specifikus, melyet a fejlődés során a pre- és posztszinaptikus neuronok 

összjátéka határoz meg (III. publikáció), 

• a glutamát képes retrográd jelátvivőként viselkedni, amikor a szinapszisban 

található dendritből kvantális formában felszabadul, módosítva a gyorstüzelő sejt 

felől érkező hatást (III. publikáció), 

• a target-specifikus izoláció új módszere olyan interneuron alcsoportokban 

gazdag in vitro rendszerek előállítására alkalmas, melyek az adott alcsoportok 
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molekuláris elemzésére sejtbiológiai jelátviteli különbségeik vizsgálatára 

használható (IV-V. publikáció), 

• az endokannabinoidok alapvető szerepet játszanak az agykéreg kifejlődésében 

(VI. publikáció). 
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SUMMARY 

 

The two major types of neurons within the cerebral cortex were described more then 

hundred years ago. Inhibitory GABAergic interneurons are outnumbered by excitatory 

pyramidal cells by approximately 10-fold. An appropriate classification of interneuron 

subtypes that precisely defines, e.g., specific arrangements in their placement, 

cytoarchitecture, neurochemical and molecular diversity, discharge properties and 

connectivity are still subject of a hot and ever evolving debate. During the past decades, 

extensive research has been directed towards understanding organizing principles of 

interneuron diversity in the forebrain: we now have a refined mechanistic concept 

describing the birthplaces of specific interneuron subclasses, their migratory routes, and 

consolidates governing principles of how interneurons become molecularly and 

functionally diverse during embryogenesis and the early postnatal period. Interneuron 

diversity underpins a fundamental plasticity of neuronal networks that is a keystone of 

neuronal adaptation and information processing. 

Retrograde signaling is the phenomenon when a bioactive messenger released from a 

post-synaptic neuron travels across the synaptic cleft and engages its cognate presynaptic 

receptors localized to the pre-synaptic terminal. Retrograde signaling is critical to 

maintain the plasticity of many synapses in the brain. Retrograde messengers, including 

endocannabinoids (eCBs), glutamate, γ-aminobutyric acid (GABA) and brain-derived 

neurotropic factor (BDNF), have been found to exert fundamental roles during neuronal 

development thus fuelling the hypothesis of a functional continuum for signaling 

molecules that integrates key milestones of fetal synaptogenesis and postnatal synaptic 

maintenance. 

This thesis addresses how neuroanatomical arrangements supporting retrograde 

signaling coincide with the synapse-specificity of these signaling cassettes. Moreover, I 

describe the identification of primary neurodevelopmental functions of 

endocannabinoids on cortical interneurons. Overall, this thesis demonstrates that the 

developmental assembly and maintenance of the enduring functional integrity of cortical 

neuronal networks is controlled by morphogens that act in a highly compartmentalized 

fashion to generate not only neuronal but also corresponding synapse diversity in the 

brain. 
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Aims 

 

The synapse specificity and correspondingly refined molecular mechanisms subserving 

retrograde signaling at cortical synapses prompted us to study whether a link between 

neurodevelopmental mechanisms of synaptogenesis – dynamic signaling between pre- 

and postsynaptic targets to form synapses - and the molecular substrates of retrograde 

signaling at mature synapses exists. We postulated that the signaling competence of 

some key morphogens expressed in the fetal telencephalon and released from immature 

dendrites to attract afferent pathways to form endures into the postnatal maturation of 

synapses. Particularly, we hypothesized that if the dendritic release site for these 

neuroactive substances is retained by postsynaptic neurons then such factors will 

ultimately function as retrograde messengers. 

Here, I have focused on complementary studies using perisomatic basket cell subtypes 

given the striking differences in their molecular fingerprints and developmental 

programs. 

 

In the adult telencephalon, I set out to study: 

• CB1 cannabinoid receptor (CB1R) distribution in cholinergic basal forebrain and 

neocortex with particular emphasis on interspecies differences and on the 

recruitment of CB1Rs to excitatory and inhibitory cortical synapses (Paper I-II), 

• the molecular signaling network underpinning retrograde synaptic signaling 

between fast-spiking, CB1R-negative interneurons and pyramidal cells in layer 

2/3 of the neocortex (Paper III). 

 

In the developing cerebrum, I addressed: 

• whether a novel method allowing subset-specific isolation of GABAergic 

interneurons from embryonic cerebrum can be established to help characterizing 

FS interneuron development in vitro, and addressing BDNF requirements of FS 

cells during acquiring the capacity to generate high-frequency action potential 

trains (Paper IV), 
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• how intrinsic calpain activity contributes to the developmental regulation of 

synaptosomal-associated protein of 25 kDa (SNAP-25) levels in FS interneurons 

(Paper V), 

• the developmental significance of CB1R expression by immature 

cholecystokinin-positive cortical interneurons (Paper VI), 

• whether eCB signaling instructs interneuron migration and morphological 

differentiation by interacting with developmentally-organized neurotrophin 

signaling cassettes (Paper VI). 

 

Results 

 

Developmental assembly and maintenance of the enduring functional integrity of 

cortical neuronal networks is controlled by a vast array of diffusible factors. Studies 

involved in my thesis provide evidence that: 

 

• organizing principles of CB1R-containing neurons and their terminal fields 

within the basal forebrain are evolutionary conserved between rodents and 

prosminian primates (Paper I), 

• the expansion and cytoarchitectonic differentiation of neocortical subfields in 

primates is associated with differential cortical patterning of CB1R-containing 

subcortical and intracortical afferents (Paper I), 

• endocannabinoid and glutamate-mediated retrograde signaling cascades 

contribute to the control of the plasticity of non-overlapping synapse populations 

in isocortical and basal forebrain territories (Paper II), 

• a single neuron may be capable of expressing components of many retrograde 

signaling systems and recruit these to spatially-defined dendritic domains. 

However, recruitment of retrograde signaling networks is always synapse 

specific and is defined by a developmental interplay between pre- and post-

synaptic neurons (Paper III), 

• glutamate may act as a retrograde messenger when released in quanta from 

subsynaptic dendrites to modulate the efficacy of FS cell afferents (Paper III), 
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• target specific isolation is an adequate tool to enrich interneuron subtypes in vitro 

to dissect molecular, cell biology (signalling) differences amongst interneuron 

subclasses (Paper IV-V), 

• endocannabinoids play unexpectedly fundamental roles during formation of the 

cerebral cortex (Paper VI). 
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REDISTRIBUTION OF CB1 CANNABINOID RECEPTORS DURING
EVOLUTION OF CHOLINERGIC BASAL FOREBRAIN TERRITORIES
AND THEIR CORTICAL PROJECTION AREAS: A COMPARISON
BETWEEN THE GRAY MOUSE LEMUR (Microcebus murinus,
Primates) AND RAT

T. HARKANY,a* M. B. DOBSZAY,a F. CAYETANOT,b

W. HÄRTIG,c T. SIEGEMUND,c F. AUJARDb

AND K. MACKIEd

aLaboratory of Molecular Neurobiology, Department of Medical Bio-

chemistry and Biophysics, Scheeles väg 1:A1, Karolinska Institutet,

S-17177 Stockholm, Sweden

bEquipe d’Ecophysiologie, UMR 5176 CNRS-MNHN, 4 avenue du

Petit Château, F-91800 Brunoy, France

cDepartment of Neurochemistry, Paul Flechsig Institute for Brain Re-

search, University of Leipzig, Jahnallee 59, D-04109 Leipzig, Germany

dDepartments of Anesthesiology, and Physiology and Neurobiology,

University of Washington, 1959 NE Pacific Street, Seattle, WA 98195-

6540, USA

Abstract—Endocannabinoid signaling, mediated by presyn-
aptic CB1 cannabinoid receptors on neurons, is fundamental
for the maintenance of synaptic plasticity by modulating neu-
rotransmitter release from axon terminals. In the rodent basal
forebrain, CB1 cannabinoid receptor-like immunoreactivity is
only harbored by a subpopulation of cholinergic projection
neurons. However, endocannabinoid control of cholinergic
output from the substantia innominata, coincident target in-
nervation of cholinergic and CB1 cannabinoid receptor-con-
taining afferents, and cholinergic regulation of endocannabi-
noid synthesis in the hippocampus suggest a significant
cholinergic–endocannabinergic interplay. Given the func-
tional importance of the cholinergic modulation of endocan-
nabinoid signaling, here we studied CB1 cannabinoid recep-
tor distribution in cholinergic basal forebrain territories and
their cortical projection areas in a prosimian primate, the gray
mouse lemur. Perisomatic CB1 cannabinoid receptor immu-
noreactivity was unequivocally present in non-cholinergic
neurons of the olfactory tubercule, and in cholecystokinin-
containing interneurons in layers 2/3 of the neocortex. Sig-
nificantly, CB1 cannabinoid receptor-like immunoreactivity
was localized to cholinergic perikarya in the magnocellular
basal nucleus. However, cortical cholinergic terminals lacked
detectable CB1 cannabinoid receptor levels. A dichotomy of
CB1 cannabinoid receptor distribution in frontal (suprasyl-
vian) and parietotemporal (subsylvian) cortices was appar-
ent. In the frontal cortex, CB1 cannabinoid receptor-contain-

ing axons concentrated in layers 2/3 and layer 6, while layer
4 and layer 5 were essentially devoid of CB1 cannabinoid
receptor immunoreactivity. In contrast, CB1 cannabinoid re-
ceptors decorated axons in all layers of the parietotemporal
cortex with peak densities in layer 2 and layer 4. In the hip-
pocampus, CB1 cannabinoid receptor-containing terminals
concentrated around pyramidal cell somata and proximal den-
drites in the CA1–CA3 areas, and granule cell dendrites in the
molecular layer of the dentate gyrus. CB1 cannabinoid recep-
tors frequently localized to inhibitory GABAergic terminals
while leaving glutamatergic boutons unlabeled. Aging did not
affect either the density or layer-specific distribution of CB1
cannabinoid receptor-immunoreactive processes.

We concluded that organizing principles of CB1 cannabinoid
receptor-containing neurons and their terminal fields within the
basal forebrain are evolutionarily conserved between rodents
and prosimian primates. In contrast, the areal expansion and
cytoarchitectonic differentiation of neocortical subfields in pri-
mates is associated with differential cortical patterning of CB1
cannabinoid receptor-containing subcortical and intracortical
afferents. © 2005 IBRO. Published by Elsevier Ltd. All rights
reserved.

Key words: endocannabinoid, cholinergic system, mapping,
primate.

Endocannabinoids, exhibiting functional similarity with
D9-tetrahydrocannabinol from cannabis, potently modulate
synaptic plasticity at both excitatory and inhibitory syn-
apses via Gi protein-coupled CB1 cannabinoid receptors
(CB1Rs) (Alger, 2002; Freund et al., 2003; Lutz, 2004). A
series of morphological studies have demonstrated tightly-
defined organizing principles of endocannabinoid systems.
Endocannabinoid synthesis by sn-1 diacylglycerol lipases
(a/b) is largely confined to neuronal somata and dendrites
in the adult brain (Bisogno et al., 2003). Simultaneously,
CB1Rs are primarily localized to presynaptic terminals and
pre-terminal axon segments (Tsou et al., 1998; Katona et
al., 1999; Nyíri et al., 2005a) with the endocannabinoid
degrading enzymes monoglyceride lipase and fatty-acid
amide hydrolase (FAAH) segregated into pre- and post-
synaptic compartments, respectively (Egertova et al.,
2003; Harkany et al., 2003; Gulyas et al., 2004). This
spatial separation of endocannabinoid signaling under-
scores the doctrine of endocannabinoid-mediated retro-
grade synaptic communication (Wilson and Nicoll, 2001,
2002).

A central question of endocannabinoid signaling is the
neurochemical identity of CB1R-containing neurons. Mul-

*Corresponding author. Tel: 146-8-524-82269; fax: 146-8-341-960.
E-mail address: Tibor.Harkany@mbb.ki.se (T. Harkany).
Abbreviations: BSA, bovine serum albumin; CB1R, CB1 cannabinoid
receptor; CCK, cholecystokinin-8; ChAT, choline-acetyltransferase;
Cy, carbocyanine; FAAH, fatty-acid amide hydrolase; ir, immunoreac-
tive; L, layer; NCa, nucleus caudatus; NDS, normal donkey serum;
p75NTR, p75 low-affinity neurotrophin receptor; PB, sodium phosphate
buffer (0.1 M, pH 7.4); PFA, paraformaldehyde; Pu, nucleus putamen;
SMI-32, non-phosphorylated neurofilament; VGAT, vesicular GABA
transporter; VGLUT, vesicular glutamate transporter.
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tiple labeling experiments in the rat neocortex, hippocam-

pus, amygdala, and basal forebrain demonstrated that

CB1Rs are selectively localized to cholecystokinin (CCK)-

containing GABAergic basket cells (Katona et al., 1999,

2001; Tsou et al., 1999; McDonald and Mascagni, 2001;

Morales and Backman, 2002; Harkany et al., 2003; Moro-

zov and Freund, 2003; Losonczy et al., 2004). Consis-

tently, electrophysiological recordings confirmed that en-

docannabinoids depress GABA release from a subset of

inhibitory terminals (Wilson et al., 2001; Galarreta et al.,

2004; Trettel et al., 2004). However, the above findings

were challenged by showing CB1R mRNA transcripts in neo-

cortical pyramidal cells (Marsicano and Lutz, 1999), in-

creased pyramidal cell sensitivity to neurotoxicity in the ab-

sence of CB1Rs (Marsicano et al., 2003), and CB1R-medi-

ated modulation of timing-dependent long-term depression at

neocortical excitatory synapses (Sjostrom et al., 2003).

While patterns of CB1R expression appear to be an

ancestral mammalian feature (Herkenham et al., 1990;

Elphick and Egertova, 2001), CB1R localization and

density may exhibit spatial differences across mamma-

lian species. Such differences in CB1R distribution were

previously noted when comparing the rat and cynomol-

gus macaque (Macaca fascicularis) brains. Unlike in the

rat, cortical pyramidal neurons, hippocampal principal

cells, and cerebellar Purkinje cells appeared CB1R im-

munoreactive (ir) in monkey brains in conjunction with a

significantly reduced fiber staining (Tsou et al., 1998;

Ong and Mackie, 1999). Surprisingly, CB1R distribution

in the rat hippocampus resembled that of the human

(Katona et al., 2000) but not the non-human primate

hippocampus (Ong and Mackie, 1999). In addition, cho-

linergic basal forebrain neurons of the cynomolgus ma-

caque were reported to abundantly contain CB1Rs (Lu et

al., 1999). In contrast, CB1R expression was found re-

stricted to subsets of cholinergic projection neurons in

the medial septum of the mouse and rat (Nyíri et al.,

2005b). Despite the many species-specific differences

in the organization and pharmacological sensitivity of

the central cannabinergic neuromodulatory system, de-

tailed anatomical studies in primates are scarce, and

comparative analyses have not been performed.

Here, we have studied, using multiple immunofluores-

cence labeling methods, CB1R distribution in the forebrain

of a prosimian primate, the gray mouse lemur (Microcebus

murinus), with particular reference to CB1R distribution in

cholinergic basal forebrain areas and their output path-

ways. Our anatomical studies were prompted by phyloge-

netic aspects of studying one of the most ancient and

primitive primates in conjunction with a growing number of

physiological and pharmacological studies on this animal

species (see Bons et al., 1998). Building on our previous

report (Harkany et al., 2003), we have also compared the

neocortical and hippocampal distribution patterns of CB1R

immunoreactivity of the gray mouse lemur and rat. Finally,

the effects of aging on CB1R expression and distribution

were addressed.

EXPERIMENTAL PROCEDURES

Animals and tissue preparation

Gray mouse lemurs were born in a laboratory breeding colony at
Brunoy (France, ethical approval: #962773) from a stock originally
caught in the southwest coast of Madagascar 35 years ago. The
animals were maintained under ambient temperature (24–26 °C),
55% relative humidity, while food was available ad libitum (Perret,
1992). Seasonal variations of physiological functions were rou-
tinely entrained by alternating periods of long and short days with
light/dark cycles of 14/10 h and 10/14 h, respectively. Under these
conditions, breeding and resting states were acquired within 4
weeks following the day length change (Perret and Aujard, 2001).
We used young (n57) and old animal (n55) cohorts, including
both sexes, with ages ranging from 1 to 2 years and 6–9 years,
respectively. All animals were anesthetized during the long day-
light period with an i.p. injection of Na-pentobarbital (100 mg/kg),
and transcardially perfused with 50 ml of ice-cold physiological
saline followed by 80 ml of 4% paraformaldehyde (PFA) in 0.1 M
sodium phosphate buffer (PB; pH 7.4). Whole brains were post-
fixed in 4% PFA overnight, cryoprotected in 30% sucrose in phys-
iological saline, and series of 30-mm coronal sections were pre-
pared on a freezing microtome.

We used young adult male Sprague–Dawley rats (n53; eth-
ical approval: #55/2002, #38/2005) to compare the cortical CB1R
distribution in rodents and gray mouse lemurs. Rats were deeply
anesthetized with isoflurane (5% (v/v%) in 70% N2O/30% O2) and
subsequently perfused as described previously (Harkany et al.,
2003). A mixture of 4% PFA and 0.1% glutaraldehyde in PB was
used as fixative (350 ml/animal). Whole brains were removed from
the skull, divided into fore- and hindbrain regions, and post-fixed in
4% PFA overnight. Tissue samples were then cryoprotected in
30% sucrose in physiological saline for 48 h and 40-mm thick
coronal sections were cut on a cryostat microtome. All experi-
ments on animals conformed to the European Communities Coun-
cil Directive (86/609/EEC) and were approved by local ethical
authorities. In all cases, particular care was taken to minimize the
number of animals and their suffering throughout the experiments.

Multiple immunofluorescence labeling

All immunostaining procedures were performed on free-floating
sections as previously described in detail (Harkany et al., 2003;
Hartig et al., 2003). In brief, triple labeling for selected combina-
tions of primary antibodies (Table 1) was started by pre-incubating
the sections with 5% normal donkey serum (NDS; Jackson Immu-
noResearch, West Grove, PA, USA), 2% bovine serum albumin
(BSA; Sigma, St. Louis, MO, USA), and 0.3% Triton X-100 in PB
for 1 h at room temperature. Sections were then exposed to a
cocktail of primary antibodies diluted in PB containing 0.1% Triton
X-100, 0.1% BSA and 1% NDS for 48 h at 4 °C. After extensive
rinsing in PB, sections were incubated with appropriate mixtures
of carbocyanine (Cy)-conjugated secondary antibodies (Table 1)
raised in donkey (9 mg/ml; Jackson) that were diluted in PB
containing 2% BSA for 2 h at room temperature. Standard control
experiments were performed by switching of fluorophores and
revealed identical staining patterns. To verify the specificity of
rabbit and goat anti-CB1R and rabbit anti-FAAH antibodies, im-
munolabeling was also performed in the presence of correspond-
ing glutathione-S-transferase-conjugated fusion proteins (2–
10 mg/ml, Fig. 1A, A=) as described in detail (Katona et al., 2001;
Harkany et al., 2003), and led to the absence of immunosignals.
Moreover, the specificity of affinity-purified CB1R antibodies was
in all cases verified by the lack of any immunolabeling in CB12/2

mice (Katona et al., 2001; Nyíri et al., 2005a; goat anti-CB1R:
unpublished observations).

T. Harkany et al. / Neuroscience 135 (2005) 595–609596



Sudan Black B treatment and coverslipping

As aging-associated myelination and lipofuscin accumulation may
cause staining artifacts, we used Sudan Black B to quench tissue
autofluorescence (Schnell et al., 1999). Sudan Black B (1%) was
applied on one half of our specimens either prior or after immu-
nostainings as previously described (Schnell et al., 1999). Stained
sections were coverslipped with aqueous glycerol/gelatin mount-
ing medium (GG-1; Sigma). The other half of sections was
mounted on fluorescence-free glass slides, air dried, and cover-
slipped with Entellan (in toluene; Merck, Darmstadt, Germany).

Confocal laser-scanning microscopy

Sections were inspected using a confocal laser-scanning micro-
scope (Model 510, Zeiss, Jena, Germany) equipped with appro-
priate excitation and emission filters for maximum separation of
Cy2, Cy3 and Cy5 signals. Emission wavelengths for Cy2, Cy3
and Cy5 were limited to 505–530 nm (bandpass filter), 560–
610 nm (bandpass filter) and .650 nm (long-pass filter), respec-
tively. CB1R-like immunoreactivity in cholinergic basal forebrain
neurons, and their innervation by CB1R-ir afferents was verified by
capturing consecutive images along the z axis with a 60 mm
pinhole size at 633 primary magnification (,0.6 mm optical slice)
and 2–2.53 optical zoom. Projection images were assembled
using Zeiss LSM Viewer shareware software (version 3.2.0.115,
www.zeiss.de). To compare the cortical distribution of CB1R-ir
structures, rat and gray mouse lemur cortices were scanned at
identical pinhole (75 mm at 253 primary magnification), detector
gain and offset settings, and processed simultaneously. Panels
were assembled using Paint Shop Pro (version 8.0, Jasc Inc.,
Eden Prairie, MN, USA) and Adobe Photoshop (version 7.0,
Adobe Inc., San Jose, CA, USA) software. Brain maps and the
nomenclature therein were established based on the stereotaxic
atlas of the gray mouse lemur by Bons et al. (1998).

RESULTS

Methodological considerations

As little information is available about staining characteristics,

including background, epitope recognition, and staining spec-

ificity of antibodies in the lemur brain, we have performed a

series of control experiments. First, we applied simultaneous

triple labeling for CB1R (Katona et al., 2000), choline-acetyl-

transferase (ChAT; Li and Furness, 1998; Adams et al.,

2001) and parvalbumin (Celio and Heizmann, 1981) with

antibodies known to produce specific staining in the non-

human primate and/or human brain. All three antibodies pro-

duced specific staining patterns (Figs. 2-5) resembling those

observed in the rat brain.

Previous studies demonstrated that antibodies raised

against both the full N- and C-termini of the rat CB1R

required glutaraldehyde-containing fixatives for appropri-

ate antigen recognition (Katona et al., 1999, 2001). There-

fore, we performed immunostainings with multiple anti-

CB1R antibodies (Table 1), and found that all of them

provided identical staining patterns and labeled CB1R-ir

structures with high sensitivity in the gray mouse lemur

forebrain (see, e.g. Fig. 1C, D) even when glutaraldehyde

was omitted from the fixatives.

As lipofuscin accumulation and increased myelination

is associated with aging (Hilbig et al., 2002) and can pro-

duce artifacts when applying immunofluorescence meth-

ods, we quenched tissue autofluorescence by Sudan

Black B (Schnell et al., 1999). Laser-scanning microscopy

Table 1. List of markers used for multiple immunofluorescence labeling

Marker Host Dilution Source Fluorochromated
secondary antibody

Reference

CB1R (entire C-terminus) Rabbita 1:400 Dr. K. Mackie, Seattle, WA,
USA

Cy2 donkey anti-rabbit Katona et al., 2001

Goata 1:500 Cy3 donkey anti-goat Harkany et al., 2003

CB1R (last 15 AAs in
C-terminus)

Rabbita 1:400 Dr. K. Mackie Cy2 donkey anti-rabbit Nyíri et al., 2005a

FAAH (102 AAs in
N-terminus)

Rabbit 1:300 Dr. K. Mackie Cy2 donkey anti-rabbit Harkany et al., 2003

ChAT Goat 1:200 Chemicon, Temecula, CA,
USA

Cy3 donkey-anti goat Li and Furness, 1998

p75NTR Rabbit 1:1000 Promega, Madison, WI, USA Cy2 donkey anti-rabbit Tremere et al., 2000

Parvalbumin Mouse (clone PA-235) 1:1000 SWant, Bellinzona,
Switzerland

Cy5 donkey anti-mouse Celio et al., 1988

Calbindin D28k Mouse (clone 300) 1:1000 SWant Cy5 donkey anti-mouse Celio et al., 1990

CCK Rabbit 1:500 DiaSorin, Stillwater, MN, USA Cy3 donkey anti-rabbit Harkany et al., 2003

VGLUT 1 Mouse (F123) 1:250 Synaptic Systems, Göttingen,
Germany

Cy3 donkey anti-mouse Takamori et al., 2000a

Rabbit 1:1000 Cy3 donkey anti-rabbit Hartig et al., 2003

VGLUT 2 Rabbit 1:1000 Synaptic Systems Cy3 donkey anti-rabbit Hartig et al., 2003

VGAT Guinea-pig 1:1000 Chemicon Cy5 donkey anti-guinea
pig

Takamori et al., 2000b

Rabbit 1:1000 Synaptic Systems Cy2 donkey anti-rabbit

Serotonin Mouse 1:10,000 Dr. L. Léger, Lyon, France Cy3 donkey anti-mouse Léger et al., 1998

SMI-32 Mouse 1:1000 Sternberger Monoclonals Inc.,
Lutherville, MA, USA

Cy3+donkey+anti-mouse+ Pike+et+al.,+1993

Panel of antibodies applied to study the distribution of cholinergic neurons and CB1 cannabinoid receptors (CB1Rs) in selected forebrain regions of

the gray mouse lemur. Staining methods were described in detail in Experimental Procedures. In particular images, immunofluorescence signals were

color-coded for a better identification of fine structures. Abbreviations: AAs, amino acid residues; Cy, carbocyanine.
a The specificity of affinity-purified antibodies for CB1Rs was verified by the lack of any immunolabeling in CB1R2/2 mice.
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revealed that Sudan Black B post-treatment was required
to completely eliminate tissue autofluorescence (Fig. 1B,
B=), while, simultaneously, significantly increasing the sig-
nal-to-noise ratio when detecting CB1R immunoreactivity
in varicose axon meshworks in the neocortex, hippocam-
pus and amygdaloid nuclei. Significantly, cholinergic pro-
jection neurons in the magnocellular basal nucleus selec-
tively retained CB1R-like immunoreactivities in Sudan
Black B-treated specimens (Fig. 1C, D), while cholinergic
interneurons and subsets of parvalbumin-containing
GABAergic neurons in the ventral pallidum (VP), nucleus
caudatus (NCa), and nucleus putamen (Pu) did not exhibit
perisomatic CB1R-like immunoreactivity (Fig. 1C). Impor-
tantly, perisomatic CB1R-like immunoreactivity was com-
pletely absent when specimens were dehydrated and cover-
slipped with Entellan. Therefore, we only considered strong
perisomatic and axonal CB1R immunoreactivity (see Fig. 2B
inset), invariably present after both staining and mounting
conditions in mapping studies focusing on neocortical and
hippocampal regions in the lemur brain.

Distribution of basal forebrain cholinergic neurons:
landmarks for CB1R mapping

Cholinergic neurons form a series of interrelated nuclei in

the basal forebrain with topologically defined projections to

remote areas (Mesulam et al., 1983, 1984; Varga et al.,

2003). While the distribution of cholinergic cells along the

rostrocaudal axis of the basal forebrain had been identified

in various mammalian species (Mesulam et al., 1983,

1984; Hefti et al., 1986; Kordower et al., 1988; Geula et al.,

1993; Brauer et al., 1999; Varga et al., 2003), their distri-

bution in the gray mouse lemur has not been addressed.

Immunofluorescence detection of ChAT in gray mouse

lemurs invariably yielded strong labeling in the cell body,

proximal dendritic ramifications, peri-terminal axon seg-

ments, and putative terminals. The size and general

morphology of cholinergic neurons resembled those ob-

served in several other mammalian species, and ranged

from spindle-shaped cholinergic cells for instance in the

medial septum, to multipolar projection and interneurons

Fig. 1. Cholinergic projection neurons of the magnocellular basal nucleus harbor CB1R-like immunoreactivity. (A) Immunolabeling using an antibody
raised against the full C-terminus of the rat CB1R revealed a dense axonal meshwork in the neocortex of gray mouse lemurs. (A=) Pre-adsorption of
the antibody with the corresponding glutathione-S-transferase-conjugated fusion protein (FP, 10 mg/ml) led to a lack of specific immunolabeling. (B)
In contrast, a strong immunosignal was still associated with myelinated fiber tracts in, e.g. the Pu. (B=) Treatment with Sudan Black B (SB; 1%)
following immunolabeling (Schnell et al., 1999) quenched this residual signal, which was therefore considered as tissue autofluorescence. (C)
Cholinergic neurons of the magnocellular basal nucleus (arrows) but not neighboring parvalbumin (PV)-containing GABA cells (arrowheads) exhibited
CB1R-like immunoreactivities. Immunostaining was performed with an antibody raised against the full C-terminus of the rat CB1R. (D) Sudan Black
B treatment did not abolish perisomatic CB1R-like immunoreactivity in cholinergic cells and was apparent after staining our specimens with both rabbit
antibodies directed against distinct C-terminal epitopes of the rat CB1R. Here, CB1R-like immunoreactivity was achieved using an antibody raised
against the last 15 amino acid residues in the C-terminus of the rat CB1R (Nyíri et al., 2005a). Reconstruction of a cholinergic neuron from serial images
along the z axis verified the co-localization of CB1R and ChAT immunoreactivities (D, inset). Co-localization appears in yellow. Images in (A)–(A=) and
(B)–(B=) were captured with identical laser-scanning microscope settings (pinhole: 75/75 mm; detector gain: 933/1000; amplification offset: 20.1035/
20.358; and gain: 1/1 for CB1R and ChAT, respectively). Abbreviations: L, neocortical layer; MBN, magnocellular basal nucleus. Scale bars525 mm
(D), 35 mm (B=), 75 mm (A, A=), 100 mm (C).
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in the diagonal bands of Broca and NCa, respectively
(Mesulam et al., 1983; Tremere et al., 2000; Varga et al.,
2003).

By adopting the terminology of Mesulam and co-work-
ers (1984), the striatal complex of the gray mouse lemur
could be subdivided into the olfactory tubercule, the nu-
cleus accumbens, the NCa, and the Pu (Figs. 2, 3). Pallidal
cholinergic subterritories concentrated around the islands
of Calleja and appeared as ChAT-ir columns of cholinergic
processes intermingled with multipolar perikarya. Cholin-

ergic subfields within the olfactory tubercule were sepa-
rated by non-cholinergic areas characterized by parvalbu-
min-ir cell assemblies (Fig. 2B; Riedel et al., 2002). The
ventral pallidum contained large cholinergic cells of mod-
erate density, while the core of the nucleus accumbens
was largely devoid of cholinergic neurons (Fig. 2A). The
NCa could be subdivided into ventromedial and dorsolat-
eral parts by their clear dichotomy in the packing density of
cholinergic neurons. While cholinergic neurons were virtu-
ally absent in the ventromedial area, the dorsolateral ter-

Fig. 2. CB1R distribution in rostral basal forebrain subdivisions of the gray mouse lemur. (A) Schematic maps of the location of cholinergic perikarya
(solid red circles), CB1R-containing afferents (green lines) and CB1R-ir neuronal somata (solid green circles). Open squares correspond with
the general location of images presented in (B)–(H). Nomenclature and identification of structures at selected rostro-caudal positions were based on
the stereotaxic atlas of the gray mouse lemur by Bons et al. (1998). (B) CB1R-ir afferents accumulate in both cholinergic and GABAergic territories
in the olfactory tubercule. GABAergic neurons were revealed by their parvalbumin (PV) immunoreactivity. Inset shows a cholinergic, CB1R-
immunonegative and a non-cholinergic CB1R-ir neuron. Arrow points to the cholinergic neuron depicted in (C). Basal forebrain neurons were devoid
of CB1R immunoreactivity. (C) Cholinergic neurons receive CB1R-containing inputs. Arrows point to putative synapses localized in the perisomatic and
proximal dendrite regions of cholinergic cells. (D) CB1R-ir afferentiation of the NCa showed a clear dichotomy: while the medio-ventral division, largely
devoid of cholinergic neurons, received massive CB1R-ir innervation (A), varicose CB1R-ir fibers of medium caliber in dorso-lateral subterritories with
multipolar cholinergic interneurons were only infrequently observed. Nevertheless, CB1R-ir afferents appeared to contact cholinergic perikarya (arrow)
and dendrites. (E) CB1R-positive fibers were coursing in cell bridges connecting the NCa and Pu. (F) p75NTR-immunonegative cholinergic neurons in
the substantia innominata, at the ventral boundary of the globus pallidus, received CB1R-ir innervation (arrow). (G) The presence of a dense CB1R-ir
axonal plexus characterized both the basal and lateral amygdaloid nuclei (AB/AL). Note the clear demarcation of the cholinergic substantia innominata
(SI) from CB1R-packed amygdala territories. Open square denotes the location of PV-containing GABAergic neuron in (H). (H) Cholinergic terminals
did not harbor CB1R immunoreactivity in amygdaloid nuclei. Abbreviations: ca, anterior commissure; cc, corpus callosum; ce, external capsule; ci,
internal capsule; Cl, claustrum; co, optic chiasm; DB, diagonal band of Broca; GP, globus pallidus; LS, lateral septum; MBN, magnocellular basal
nucleus; MS, medial septum; SI, substantia innominata; TOL, lateral olfactory tract; TUO, olfactory tubercule. Scale bars518 mm (C), 20 mm (B inset,
E), 25 mm (D, F, H) 100 mm (B), 125 mm (G), 1.5 mm (A).
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ritory was populated homogeneously by large, multipolar
cholinergic cells (Fig. 2A, D). Importantly, a dense cluster
of parvalbumin-ir neurons in the ventromedial NCa clearly
revealed the subregional boundaries within this nucleus.
The density of cholinergic neurons in the Pu was similar to
that of the dorsolateral NCa with cholinergic interneurons
being evenly distributed in the entire region. In addition,
cholinergic neurons were often found in cell bridges within
the internal capsule that provided spatial separation be-
tween the NCa and Pu (Fig. 2E).

Cholinergic projection neurons accumulated in the me-
dial septum, the diagonal bands of Broca, and the magno-
cellular basal nucleus/substantia innominata complex.
Cholinergic projection neurons in the medial septum and
the diagonal bands of Broca, and magnocellular cholin-
ergic cells of the basal nucleus expressed variable levels
of the low-affinity neurotrophin receptor p75 (p75NTR; data
not shown). In contrast, medium-sized cholinergic cells,
situated in the ventrolateral extension of the magnocellular
basal nucleus/substantia innominata complex were devoid
of p75NTR immunoreactivity (data not shown). The magno-
cellular basal nucleus adopted a ribbon-like shape and
surrounded the globus pallidus that was devoid of cholin-
ergic neurons (Fig. 2A). Cholinergic magnocellular cell
columns paralleling the lateral borders of the globus palli-
dus showed the highest packing density of cholinergic cells

in the basal forebrain with cells exhibiting complex multi-

polar morphologies (Fig. 3 B). In contrast, cholinergic cells

aligning the transition zone between the globus pallidus

and the central amygdaloid nucleus, corresponding to

p75NTR-negative substantia innominata neurons, often ap-

peared as bipolar and spindle-shaped (Fig. 2F), and were

embedded in a dense plexus of ramified cholinergic axons

that provided structural separation from amygdaloid nuclei

(Fig. 2G). In conclusion, the cytoarchitectonic organization

of cholinergic basal forebrain nuclei, and some histochem-

ical characteristics of cholinergic neurons in the gray

mouse lemur follow the general, phylogenetically con-

served organization principles of the cholinergic basal fore-

brain of non-human primates.

CB1R distribution in the basal forebrain

Given that compelling experimental evidence has recently

accumulated on the distribution and cellular localization of

CB1Rs in the rodent basal forebrain (Egertova et al., 2003;

Harkany et al., 2003) and major projection areas, in par-

ticular the hippocampus (Katona et al., 1999, 2001), we

studied the regional distribution of CB1Rs at selected ros-

tro-caudal coordinates in the basal forebrain of gray mouse

lemurs (Figs. 2A, 3A). The lateral septum was devoid of

CB1R immunoreactivity. In the medial septum, CB1R-ir

Fig. 3. CB1R distribution in caudal basal forebrain subdivisions of the gray mouse lemur. (A) Schematic maps of the location of cholinergic perikarya
(solid red circles), CB1R-containing afferents (green lines) and CB1R-ir neuronal somata (solid green circles). Open squares correspond with the
general location of images presented in (B)–(E). Nomenclature and identification of structures at selected rostro-caudal positions were based on the
stereotaxic atlas of the gray mouse lemur by Bons et al. (1998). Note that the globus pallidus is devoid of any cholinergic neurons, while its lateral
boundaries can be identified by the presence of dense cholinergic cell clusters. (B) Cholinergic neurons of the magnocellular basal nucleus lack
prominent CB1R immunoreactivity and CB1R-ir innervation but received serotonergic input (Khateb et al., 1993) when stained with conventional
immunolabeling procedures. (C) A narrow zone containing serotonergic processes mixed with CB1R-containing terminals delineated the boundaries
of the substantia innominata (SI) and the central amygdaloid nucleus (AC). (D) Parallel fiber bundles, also containing CB1R-ir projections and
intermingled with GABAergic neurons, were observed in subcortical white matter. (E) Territories of the entopeduncular nucleus were characterized by
strongly CB1R-ir profiles of fine caliber fibers. Abbreviations: cc, corpus callosum; ce, external capsule; ci, internal capsule; Cl, claustrum; GP, globus
pallidus; pc, pedunculus cerebri; TO, optic tract; 3V, third ventricle. Scale bars525 mm (C), 30 mm (B), 50 mm (E), 75 mm (D), 1.5 mm (A).
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fibers were restricted to its dorsolateral segment, where
CB1R-ir terminals often appeared in close apposition to
cholinergic neurons. CB1R immunoreactivity was absent in
the vertical and horizontal limbs of the diagonal bands of
Broca. In the olfactory tubercule, CB1R-ir varicose fibers
predominantly accumulated in cholinergic patches (Fig.
2B), and the somata and proximal dendrites of cholinergic
neurons were decorated with putative CB1R-ir synapses
(Fig. 2C). Importantly, the olfactory tubercule and ventral
pallidal areas contained numerous medium-sized, non-cho-
linergic, strongly CB1R-positive neurons (Fig. 2B, inset). In
the nucleus accumbens, a low density of CB1R-ir varicose
axons was found in its core region that gradually de-
creased to a virtually absent CB1R immunoreactivity to-
ward the accumbens shell. CB1R-ir axons in the accum-

bens nucleus were largely oriented toward the NCa and
their highest concentration was seen at the ventromedial
NCa pole, i.e. filling the matrix compartment between the
lateral ventricle and the internal capsule. A clear vertical
gradient of CB1R-ir axons was observed within the NCa.
Predominantly non-cholinergic ventromedial subterritories
received a strong CB1R-ir input, with the few intermingled
cholinergic neurons also receiving modest CB1R-ir inner-
vation (Fig. 2A, D, Fig. 3A). In contrast, only a few, ran-
domly distributed CB1R-ir processes were seen in the
dorsolateral NCa segment with high packing densities of
cholinergic cells. Exceptionally, cholinergic neurons were
found intermingled with a moderate-to-dense meshwork of
CB1R-ir axons in the caudal pole of the ventral NCa (Fig.
3A). CB1R-ir axons were also observed in cell bridges

Fig. 4. Comparison of CB1R immunoreactivities in rat (A) and gray mouse lemur cortex (B, C). Inset at the right top of this panel indicates the general
positions of cortical specimens shown in (A; 5.70 mm relative to the interaural line)–(C; 2.25 mm relative to the interaural line). (A) A dense plexus
of CB1R-ir varicose axons was evident in L2 of the rat somatosensory cortex. Moderate CB1R-ir fiber densities were seen in L4 and L6, while L1, 3,
and 5 exhibited low densities of CB1R-ir processes. Immunolabeling with SMI-32, recognizing SMI-32, was used to identify cortical laminae (Geyer
et al., 2000; Voelker et al., 2004). (B, C) A clear dichotomy of CB1R-ir afferents was observed in the gray mouse lemur neocortex. The frontal cortex
was characterized by intense CB1R immunoreactivity in L2 with a dorso-ventral decrease of fiber densities with L5 being virtually devoid of CB1R-ir
axons (B). In contrast, the parietal cortex exhibited more homogeneous CB1R-ir fiber labeling, with peak densities in L2 and L4 (C). The laminar
distribution of parvalbumin (PV)-ir GABAergic interneurons was used to define cortical layers (Celio, 1990). Each cortical overview is a composite of
serial laser-scanning microscopy images that were captured with identical pinhole (75 mm at 253 primary magnification), and detector gain/offset
settings to allow direct comparisons across the animal species. CB1R immunoreactivity was revealed with Cy–2-conjugated secondary antibodies,
while additional demarcation markers were visualized using Cy3-conjugated secondary antibodies. Images were processed simultaneously. Scale
bar5120 mm.
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Fig. 5. Comparison of CB1R immunoreactivities in rat (A) and gray mouse lemur (B–D=) hippocampus. Inset at the right top indicates the general
positions of hippocampal samples shown in (A; 5.40 mm relative to the interaural line)–(C; 1.25 mm relative to the interaural line). (A) In the rat dorsal
hippocampus, CB1R-positive terminals concentrated around cell bodies in the stratum pyramidale of the CA1–CA3 subfields, and in the stratum
moleculare of the dentate gyrus. Note that the stratum granulosum was largely devoid of CB1R immunoreactivity. (B) In the dorsal hippocampus of
the gray mouse lemur, highest densities of CB1R-ir terminals were seen in stratum pyramidale and in supragranular position within stratum moleculare
of the CA1 subfield and the dentate gyrus, respectively. Open square indicates the general localization of (D, D=). (C) Overview of the ventral
hippocampus of the gray mouse lemur. The distribution patterns of CB1R-ir terminals in CA1–CA3 subfields were similar to those of the dorsal
hippocampus. However, a dense plexus of CB1R-ir axons was evident in the hilar region. (D, D=) CB1R immunolabeling is exclusively associated with
axon terminals in the dorsal hippocampus of the gray mouse lemur. Note the complementary distribution of CB1R-ir and parvalbumin (PV)-ir structures,
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between the NCa and Pu (Fig. 2E). Within the internal
capsule, small islands of ascending projections coursing
toward the neocortex also contained CB1R-ir projections
(Fig. 3A, D).

While the Pu itself did not exhibit CB1R immunoreac-
tivity, its lateral and ventral borders were readily discern-
ible by intense axonal CB1R-ir labeling in the claustrum
and amygdaloid nuclei (Fig. 2A). Similarly, the globus pal-
lidus was devoid of CB1R-ir afferents. A clear dichotomy of
CB1R distribution was evident in the magnocellular basal
nucleus/substantia innominata complex. While magnocel-
lular cholinergic cell columns did not receive CB1R-ir in-
puts (Fig. 3B), medium-sized, p75NTR-negative cholinergic
cells in the substantia innominata region were contacted
by CB1R-containing afferents (Fig. 2F). In this region,
CB1R-ir fibers coursed predominantly horizontally and
their increased densities demarcated the dorsal extremi-
ties of amygdaloid nuclei (Figs. 2G, 3C). Within the basal
forebrain, highest CB1R immunoreactivity was demon-
strated in dense bundles of longitudinally running fibers at
the ventromedial extension of the globus pallidus (Fig. 3A,
E). Although this region has not been identified by Bons et
al. (1998), its clearly striatal nature suggested a cytoarchi-
tectonic relationship with the forebrain striato-pallidal com-
plex and could be considered as an equivalent of the
entopeduncular nucleus in rat. The basal, central and lat-
eral amygdaloid nuclei exhibited equally prominent CB1R
immunoreactivity.

High-power imaging revealed that cholinergic termi-
nals did not contain detectable amounts of CB1Rs in any
basal forebrain structures investigated (see, e.g. Fig. 2H).
In contrast with rodents (Harkany et al., 2003), CB1R-ir
neurons were only found in the olfactory tubercule in the
lemur. Significantly, CB1R-ir axons were highly uniform in
their caliber, and the sizes and densities of their vari-
cosities.

CB1Rs in the neocortex and hippocampus

Architectonic organization of the neocortex of gray mouse
lemurs was first studied by using non-phosphorylated neu-
rofilaments, revealed by SMI-32 labeling, as a pyramidal
cell marker (Geyer et al., 2000; Voelker et al., 2004). Two
populations of SMI-32-ir pyramidal cells in layers (L) 2/3
and L5 were apparent in the suprasylvian cortex, and
identified the boundaries of the cingulate and the frontal
cortical areas. The subsylvian cortex, corresponding to the
parietotemporal areas, was devoid of SMI-32 immunore-
activity (data not shown). Dense CB1R-ir terminal fields
have been demonstrated in the neocortex and hippocam-
pus of both rodents (Katona et al., 1999; Freund et al.,
2003) and human (Katona et al., 2000). Similar to the rat

(Figs. 4A, 5A), CB1R-ir synaptic puncta abundantly con-
centrated around the somata and proximal dendrites of
L2/3 neocortical pyramidal cells (Fig. 4B, C), CA1–CA3
principal cells, and dentate granule cells in the hippocam-
pus (Fig. 5C, D). Strikingly, advanced cortical differen-
tiation was reflected by the cortical area-specific, strictly
defined topological patterns of CB1R-ir afferents.

The distribution of CB1R-ir neocortical afferents al-
lowed us to distinguish four major cortical areas. In the
cingulate cortex, a dense meshwork of CB1R-ir axons was
seen in L2/3, moderate staining was characteristic of L1
and L6, while CB1R immunoreactivity was virtually absent
in L4 and L5 (data not shown). Similar to the cingulate
cortex, CB1R-ir axons showed peak densities in L2 of the
frontal and occipital cortices, whereas a loose network of
vertically-oriented CB1R-ir afferents was visualized in L3
and L6. In contrast, CB1R immunoreactivity was confined
to a few axons in L4, while was virtually absent in L5 (Fig.
4B). The parietotemporal cortex exhibited a largely homo-
geneous distribution of CB1R-ir axons. Dense CB1R-ir fi-
ber meshworks were seen in L2/3, L4 and L6, while low-
to-moderate densities of varicose CB1R-ir axons were ob-
served in L1 and L5 (Fig. 4C). Distribution of CB1R-ir
axons in the entorhinal cortex was also homogeneous,
with peak densities in L2 (Fig. 5C). High-power microscopy
analysis revealed a uniform appearance of CB1R-contain-
ing axons in all cortical regions with a medium caliber and
frequent varicosities (see also Fig. 6J, K, M). CB1R-ir
neurons were often encountered in the entorhinal cortex,
while they were scarcely found in L2/3 of frontal or pari-
etotemporal cortical areas.

The stratum pyramidale of the CA1 subfield exhibited
strongest CB1R immunoreactivity in the dorsal hippocam-
pus. A moderately dense axonal plexus was found across
the strata oriens and radiatum, while the stratum lacuno-
sum moleculare was only weakly CB1R-ir (Fig. 5B, D).
Spatial organization of CB1R-ir axons in the CA3 area
resembled that of the CA1 subfield. In the dentate gyrus,
highest density of CB1R-ir input terminals concentrated in
the inner, supragranular segment of the stratum molecu-
lare, while CB1R-labeled axons were only infrequently in-
vading somatic regions of granule cells within the stratum
granulosum (Fig. 5B, D). While CB1R distribution in the
CA1–CA3 areas of the ventral hippocampus was indistin-
guishable from that of the dorsal hippocampus, a different
CB1R labeling pattern was seen in the dentate gyrus. In
particular, a difference in the density of CB1R-ir afferents
marked the boundaries between the outer, intermediate,
and inner segments of the stratum moleculare (Fig. 5C) in
conjunction with a strong CB1R immunoreactivity in the
hilus. In contrast with the abundant presence of CB1R-ir

used to assign particular layer (Celio, 1990), in the dentate gyrus. Each overview in (A)–(C) is a composite of serial laser-scanning microscopy images
that were captured with identical pinhole (200 mm at 53 primary magnification), and detector gain/offset settings to allow cross-species comparisons.
Layer-specific distribution of CB1R immunoreactivity in the dorsal hippocampus of the gray mouse lemur was studied by capturing serial images with
75 mm pinhole size at 253 primary magnification. CB1R immunoreactivities were revealed by Cy–2-conjugated secondary antibodies, while PV
immunolabeling was visualized using Cy3-conjugated secondary antibodies. Abbreviations: a, alveus; g, stratum granulosum; h, hilus; lm, stratum
lacunosum moleculare; m, stratum moleculare; or, stratum oriens; pyr, stratum pyramidale; rad, stratum radiatum. Scale bars5150 mm (D=), 700 mm
(B), 800 mm (C), 950 mm (A).
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interneurons in both the CA1 and hilar regions of the rat,
the hippocampal formation of the gray mouse lemur was
devoid of perisomatic CB1R immunoreactivity.

Neurochemical identity of CB1R-ir axons

Morphological evidence on both the light and electron
microscopic level indicates the exclusive localization of

CB1Rs to axon terminals and pre-terminal axon segments

of CCK-containing perisomatic inhibitory interneurons in

the rodent and human hippocampus and neocortex (Ka-
tona et al., 1999, 2000, 2001; Freund et al., 2003; Nyíri et
al., 2005a). However, these findings contrast those of in
situ hybridization (Marsicano and Lutz, 1999), conditional
ablation of CB1R expression in glutamatergic neurons

Fig. 6. CB1R immunoreactivity occurs in subsets of GABAergic but not glutamatergic synapses in multiple forebrain regions of the gray mouse lemur.
(A) CB1R and VGLUT1 immunoreactivities exhibit largely complementary distribution patterns in the hippocampus. Note that CB1R-ir terminals are
accumulating in the stratum pyramidale (Pyr), while VGLUT1-ir terminals concentrate in strata radiatum (Rad) and oriens (Or). (B) CB1R and VGLUT1
immunoreactivities were localized to non-overlapping synapse populations throughout the forebrain, including the NCa. (C–C0) High-power images of
CB1R-ir axons coursing in the NCa unequivocally demonstrate the lack of detectable VGLUT1 expression in their synaptic boutons (arrows). (D) In
the parietotemporal cortex, CB1R-ir axons were found concentrated in L2/3. In contrast, strong VGLUT2 immunoreactivity appeared in a ribbon-like
manner predominating in L4. Open square indicates the general location of (E). (E) Although CB1R-ir and VGLUT2-ir terminals shared post-synaptic
targets, including calbindin D28k (CALB)-containing interneurons, these markers revealed divergent terminal populations. (F–F0) The central
amygdaloid nucleus (AC) was chosen to study a possible co-localization of CB1Rs and VGLUT2. Synapses containing both CB1Rs and VGLUT2 were
not found. (G) A subset of CB1R-ir synapses is GABAergic, as was revealed by their VGAT immunoreactivity. Arrows point to prominent VGAT
immunoreactivity in CB1R-positive axon terminals and pre-terminal axon segments in the NCa. (H) Occasionally, however, CB1R-ir processes, such
as those at the magnocellular basal nucleus/substantia innominata-AC border, were devoid of detectable levels of VGAT immunoreactivity. (I) In the
hippocampus and neocortex, all CB1R-containing axons under study harbored VGAT immunoreactivity (arrows). Note that these findings were
confirmed by both guinea-pig anti-VGAT (G, H) and rabbit anti-VGAT (I) antibodies. (J–L) CB1R immunoreactivity was localized to CCK-containing
interneurons in the neocortex and hippocampus (L), while parvalbumin-ir (PV; J) or CALB-ir interneurons were CB1R-negative. (M) In the entire
neocortex, FAAH immunoreactivity was present in the perisomatic and dendritic compartments of pyramidal cells, which were frequently contacted by
CB1R-positive terminals. In contrast, FAAH immunoreactivity was absent in CB1R-ir inputs. Cy5 signals were color-coded in blue. Asterisks denote
non-labeled neuronal somata. Scale bars58 mm (I0), 10 mm (C0, E), 15 mm (B, F0, G, H, J–L=), 20 mm (M), 75 mm (D), 250 mm (A).
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(Marsicano et al., 2003), CB1R-mediated inhibition of ace-
tylcholine release from cortical synaptosomes (Gifford et
al., 2000), and CB1R immunoreactivity in cholinergic basal
forebrain neurons of the cynomolgus macaque (Lu et al.,
1999). Hence, we have addressed the neurochemical
nature of CB1R-containing terminals in the gray mouse
lemur.

Given that moderate, though functionally significant,
CB1R mRNA transcript levels were previously localized in
hippocampal and neocortical pyramidal cells (Marsicano
and Lutz, 1999; Marsicano et al., 2003), we tested whether
CB1R-ir synaptic puncta co-localize with either vesicular
glutamate transporter (VGLUT) 1 or 2. VGLUT1 immuno-
reactivity was confined to synaptic terminals throughout
the lemur brain. VGLUT1 labeling in the hippocampus was
prominent in the strata radiatum and oriens of the CA1–
CA3 subfields, while the stratum pyramidale was largely
devoid of VGLUT1 immunoreactivity (Fig. 6A). Conversely,
CB1R-ir synaptic puncta, impinging on the perisomatic
segments of hippocampal principal cells, concentrated
in stratum pyramidale with decreasing labeling densities in
strata radiatum and oriens (Fig. 6A, Fig. 7C, D). This
spatial separation of VGLUT1-ir and CB1R-ir synapses

supported our observation that these markers revealed
distinct synapse populations. Non-overlapping staining
patterns were also seen in the dentate gyrus, the neocor-
tex, the nucleus accumbens (data not shown), and the
ventromedial NCa (Fig. 6B). High-power analysis in all
cases confirmed that CB1Rs and VGLUT1 revealed dis-
tinct synapse populations (Fig. 6C–C0). Similarly, VGLUT2
also exhibited an exclusive synaptic localization. In the
neocortex, VGLUT2 immunoreactivity appeared in a rib-
bon-like manner with striking immunoreactivity in L3 and
L4 (Fig. 6D). Considering the moderate CB1R density in L4
in both the frontal and parietotemporal cortices, a co-
localization of VGLUT2 and CB1Rs seemed unlikely. High-
magnification confocal laser-scanning microscopy demon-
strated that VGLUT2-containing glutamatergic terminals
were devoid of detectable CB1R immunoreactivity in the
neocortex (Fig. 6E). Furthermore, VGLUT2 and CB1R im-
munoreactivities revealed distinct terminal populations in
amygdaloid nuclei (Fig. 6F–F0), NCa and hippocampus
(data not shown).

While morphological indices of CB1R localization in
glutamatergic synapses were lacking, CB1Rs frequently
co-localized with the vesicular GABA transporter (VGAT),

Fig. 7. Aging does not apparently change CB1R expression in the gray mouse lemur. (A) CB1R distribution in the retrosplenial cortex of a young
female lemur. Note a dense plexus of CB1R-ir axons in L2/3. (B) Cortical CB1R distribution appeared unchanged in aged, sex-matched lemurs. (A=,
B=) Parvalbumin (PV) immunoreactivity was used to demarcate cortical laminae (Celio, 1990). Images were captured at 203 primary magnification with
a 75 mm pinhole. (C–C=, D–D=) Comparison of CB1R distribution in the CA1 subfield of the hippocampus of a young (2 years, C, C=) and an aged (9
years, D, D=) male gray mouse lemur. Note the profoundly similar pattern of CB1R-ir axons (C, D) providing perisomatic innervation to pyramidal cells
(Pyr) and interneurons. Parvalbumin (PV) immunoreactivity revealed CB1R-negative basket cells that were embedded in a dense meshwork of CB1R-ir
axons frequently terminating on their perisomatic membrane and proximal dendrite segments (C=, D=). Images were taken from specimen at 1.50 mm
anterior–posterior coordinate (relative to the interaural line). Abbreviation: cc, corpus callosum. Scale bars518 mm (C=, D=), 35 mm (C, D), 180 mm (A=,
B=).
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a selective marker of inhibitory synapses (Fig. 6G–I0). We
confirmed these findings by two anti-VGAT antibodies
raised against distinct epitopes of this transporter. CB1R-ir
synaptic puncta abundantly contained VGAT in the NCa
(Fig. 6G), neocortex (Fig. 6I–I0), and hippocampus (data
not shown). However, CB1R-positive but VGAT-negative
axons accumulated at the border zone of the central amyg-
daloid nucleus (Fig. 6H) and the nucleus accumbens (data
not shown). Next, we surveyed the GABAergic origin of
CB1R-containing terminals in the neocortex and hip-
pocampus. Parvalbumin-ir (Fig. 6J) and calbindin D28k-ir
(Fig. 6K) interneurons did not contain detectable CB1R
levels. In contrast, perisomatic CB1R immunoreactivity
was found in CCK-containing interneurons in the hip-
pocampus (Fig. 6L–L0) and in L2 of the parietotemporal
cortex.

Recently, a striking spatial segregation of CB1Rs and
FAAH in pre-synaptic terminals and subsynaptic dendrites,
respectively, has been reported in the rat (Gulyas et al.,
2004). Therefore, we tested whether CB1R and FAAH
immunoreactivities may appear in juxtaposition in the le-
mur neocortex. Perisomatic CB1R-ir terminals in close ap-
position to L2/3 neocortical pyramids were FAAH-negative
in all cases studied. In contrast, strong FAAH immunore-
activity was localized in the soma and apical dendrites of
pyramidal cells (Fig. 6M).

Effects of aging on CB1R distribution

CB1Rs are instrumental for modulating synaptic plasticity
throughout the brain. Age-dependent decline in CB1R ex-
pression may therefore suggest altered information pro-
cessing at particular synapses. Considering that the mean
life span of gray mouse lemurs is 8.760.4 years (Perret,
1997), we sampled animals aged 1–2 years vs. 6–9 years
to reveal whether CB1R expression exhibits age-depen-
dent changes in this animal species. Analysis of the neo-
cortex, hippocampus, and cholinergic basal forebrain nu-
clei revealed no age-related differences in CB1R distribu-
tion patterns (Fig. 7). We did not observe a selective
disappearance or re-distribution of CB1R-containing ter-
minal fields, or age-related CB1R co-localization with
VGLUT1 or VGLUT2 in glutamatergic synapses (data
not shown).

DISCUSSION

In the present report we provide morphological evidence
on the distribution and neurochemical identity of CB1R-
containing axons in the forebrain of young and aged gray
mouse lemurs. A major finding of our study is that only
minor differences between the lemur and rodent were
noted in CB1R distribution in cholinergic basal forebrain
territories (Harkany et al., 2003), known to maintain their
connectivity patterns across various mammalian species
(Mesulam et al., 1983, 1984; Tremere et al., 2000; Varga
et al., 2003). In contrast, evolutionary differentiation of the
neocortex and hippocampus, associated with a striking
divergence of functionally and morphologically different
cortical areas, is paralleled by an increased patterning of

cortical CB1R-containing terminal fields. Significantly, we
did not find robust changes in the spatial distribution and
neurochemical composition of CB1R-containing cortical af-
ferents during aging. Considering that adequate CB1R
functions are required for the fine-tuned control of neuro-
transmitter release in cortical neuronal networks, our data
suggest that CB1Rs per se may not be limiting synaptic
plasticity during aging.

In the rodent basal forebrain, CB1R-ir afferents termi-
nate on cholinergic neurons of the ventral pallidum, the
olfactory tubercule, and the p75NTR-negative subset of
cholinergic neurons in the magnocellular basal nucleus/
substantia innominata complex (Harkany et al., 2003). As
major output pathways of these nuclei include the basolat-
eral amygdala, known to harbor GABAergic neurons with
high CB1R expression (Katona et al., 2001), the existence
of a reciprocal feedback circuitry between cholinergic pro-
jection neurons and CB1R-expressing amygdala cells was
proposed. Our present findings show a similar distribution
of CB1R afferents in the basal forebrain of the gray mouse
lemur. However, interspecies differences were noted in the
target specificity of CB1R-ir inputs in the dorsolateral seg-
ment of the medial septum. While varicose, medium-cali-
ber CB1R-ir axons did not contact cholinergic projection
neurons in the rodent medial septum, CB1R-containing
putative synapses appeared in close apposition to cholin-
ergic septal neurons of this prosimian. Although the origin
of this CB1R-ir terminal field remains to be established, its
existence suggests that endocannabinoids are involved in
the regulation of the excitability of septo-hippocampal cho-
linergic projection neurons in the primate brain. Impor-
tantly, we noted CB1R immunoreactivity across multiple
amygdaloid nuclei, including the central nucleus, which
were previously found CB1R-negative in the rat (Katona et
al., 2001). We assume that the abundance of CB1R-ir
amygdaloid structures may relate to an increased capacity
of differential tuning of, e.g. complex emotional behaviors
in primates. Another major inter-species difference was
apparent with the complete absence of CB1R immunore-
activity in the globus pallidus of the gray mouse lemur.
Considering the strong CB1R immunoreactivity in pallidal
structures of the rodent (Egertova et al., 2003; Harkany et
al., 2003), and the pronounced agonist binding in human
globus pallidus (Glass et al., 1997; Biegon and Kerman,
2001), the histochemical lack of CB1Rs in the globus pal-
lidus of the lemur may indicate evolutionary divergence of
CB1R expression in striato-pallidal systems.

Profound differences have been reported when using
anti-CB1R antibodies with different epitope specificities
and purification criteria. Given the significance of endocan-
nabinoid signaling in, e.g. higher cognitive functions, drug
addiction, feeding behaviors, and energy metabolism,
staining artifacts can lead to erroneous conclusions on the
level of systems physiology. Therefore, we performed con-
trol experiments to identify major pitfalls of immunocyto-
chemical approaches when studying CB1Rs in the primate
brain. We found that strong somatic CB1R-like immunore-
activity can be occasionally achieved but such immunore-
activity can be inconsistent when affecting the extent of
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tissue autofluorescence. For example, Lu et al. (1999)
reported abundant CB1R-like immunoreactivity in cholin-
ergic projection neurons of the magnocellular basal nu-
cleus in cynomolgus macaque. In the present study, we
were only able to reliably demonstrate CB1R-like immuno-
reactivity in some corticopetal cholinergic projection neu-
rons, though with variable intensities, when drastically en-
hancing the signal-to-noise ratio of our immunostaining
procedures by effectively quenching tissue autofluores-
cence. However, we were unable to demonstrate CB1R
immunoreactivity in cholinergic terminals. Our method-
ological findings exemplify the sensitivity of CB1R immu-
nolabeling in various animal species and can explain dis-
crepancies between the outcomes of pharmacological
(Gifford et al., 2000), transgenic (Marsicano et al., 2003)
and morphological studies (Katona et al., 1999; Freund et
al., 2003). We therefore assume that CB1R density in
cholinergic terminals may be efficient for regulating acetyl-
choline release but is below the detection limit of immuno-
cytochemical methods. In conclusion, further studies using
colchicine pre-treatment (Nyíri et al., 2005b), or synapto-
some preparations (Kofalvi et al., 2005) might help consis-
tently enhancing perisomatic CB1R-like immunoreactivity
and determine the origins of CB1R-ocntaining terminals in
cortical regions.

In stark contrast with the largely homogeneous distri-
bution of CB1R-ir afferents in the rodent neocortex (Freund
et al., 2003), distribution of CB1R-ir processes exhibited
significant area-specific differences in the lemur cerebral
cortex. In particular, a CB1R-ir axon meshwork concen-
trated in L2/3 of the cingulate and frontal areas, whereas
all cortical laminae of the parietotemporal areas possessed
CB1R-positive axon segments. We assume that these dif-
ferences are related to the divergent functions these cor-
tical regions subserve. In particular, primary areas associ-
ated with motor control include the cingulate and frontal
cortex and thus, their outputs are highly specific but stable
without a need for constant plastic reorganization during
movement control. In contrast, the parietotemporal cortex,
involved, among others in visual recognition (Manger et al.,
2004) and auditory information processing (Hall et al.,
2003), is highly plastic with rapid rates of functional reor-
ganization. Therefore, the increased density of cortical
afferents harboring CB1Rs in parietotemporal areas
suggests an enhanced capacity of synaptic feedback
regulation required for fine-tuned sensory and associa-
tive mechanisms supporting information filtering, stor-
age and retrieval.

CB1R-ir afferents provided perisomatic innervation to
cortical pyramidal cells in the gray mouse lemur that was
also apparent when considering layer-specific densities of
CB1R immunoreactivity in the neocortex and hippocam-
pus. Similar to the rodent brain (Gulyas et al., 2004),
CB1R-ir terminals were FAAH-negative, while the somata,
basal, and apical dendrites of pyramidal cells were un-
equivocally labeled for FAAH. These data suggest that
pyramidal cells can effectively tune their intracellular en-
docannabinoid concentrations in order to control the activ-
ity of CB1R-containing perisomatic inhibitory inputs. More-

over, the spatial restriction of FAAH also suggests a tight
link between the capacity of synthesizing particular endo-
cannabinoids, the localization of their targets, and the ca-
pacity of their degradation in divergent cortical neuronal
systems. Another major difference between rodents and
lemurs was the apparently decreased numbers of cortical
and hippocampal interneurons with perisomatic CB1R im-
munoreactivity in gray mouse lemurs. This finding may
suggest rapid removal of newly synthesized CB1Rs from
the Golgi apparatus and increased rates of axonal trans-
port. From a functional point of view, this hypothesis can
be supported by the increased distances between projec-
tion neurons and their respective terminal fields, or by a
high demand on CB1R involvement when controlling com-
plex neuronal network functions.

Involvement of CB1Rs in a broad range of cellular
processes during the entire lifespan of mammals is exem-
plified by their early expression during embryonic develop-
ment (Mato et al., 2003), their developmental restriction
during the initial postnatal period (Morozov and Freund,
2003), and alterations of ligand binding in various neuro-
logical conditions (Westlake et al., 1994; Dean et al.,
2001). However, ligand binding and in situ hybridization
studies failed to show an aging-associated decline in CB1R
function and expression during aging in rats (Berrendero et
al., 1998). Even more strikingly, [3H]CP-55,940 binding but
not CB1R mRNA transcript levels were found significantly
reduced in the hippocampal formation of brains with Alz-

(Westlake et al., 1994). These data provide strong support
for our findings showing the lack of gross changes in CB1R
distribution in gray mouse lemurs with normal aging. Al-
though ligand binding studies were not performed, we
concluded that normal aging has a minor influence on
CB1R expression and distribution in this primate.

Multiple labeling studies demonstrated a primary local-
ization of immunohistochemically detectable CB1Rs in lo-
cal and projection GABA cells in the hippocampus (Katona
et al., 1999), neocortex (Harkany et al., 2004), and striatum
(Fusco et al., 2004; Kofalvi et al., 2005). In our prepara-
tions, however, CB1R-containing axon segments in multi-
ple striatal regions were devoid of immunoreactivities for
VGAT, VGLUTs, serotonin, and ChAT immunoreactivities.
Given the spatial localization of CB1R-containing afferents
with unidentified neurochemical identities, we assume that
they may represent catecholaminergic projections inner-
vating striatal subfields.

CONCLUSION

We propose that inter-species differences in endocannabi-
noid systems among rodents, primates including human
represent evolutionary differences in the complexity of in-
formation processing, in the paucity of synaptic reorgani-
zation, and in adaptive changes in synaptic plasticity as-
sociated with higher cognitive functions.
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Abstract

Basal forebrain cholinergic neurons project to diverse cortical and hippocampal areas and receive reciprocal projections therefrom.

Maintenance of a ®ne-tuned synaptic communication between pre- and postsynaptic cells in neuronal circuitries also requires feedback

mechanisms to control the probability of neurotransmitter release from the presynaptic terminal. Release of endocannabinoids or

glutamate from a postsynaptic neuron has been identi®ed as a means of retrograde synaptic signalling. Presynaptic action of

endocannabinoids is largely mediated by type 1 cannabinoid (CB1) receptors, while fatty-acid amide hydrolase (FAAH) is involved in

inactivating some endocannabinoids postsynaptically. Alternatively, vesicular glutamate transporter 3 (VGLUT3) controls release of

glutamate from postsynaptic cells. Here, we studied the distribution of CB1 receptors, FAAH and VGLUT3 in cholinergic basal forebrain

nuclei of mouse and rat. Cholinergic neurons were devoid of CB1 receptor immunoreactivity. A ®ne CB1 receptor-immunoreactive (ir)

®bre meshwork was present in medial septum, diagonal bands and nucleus basalis. In contrast, the ventral pallidum and substantia

innominata received dense CB1 receptor-ir innervation and cholinergic neurons received CB1 receptor-ir presumed synaptic contacts.

Consistent with CB1 receptor distribution, FAAH-ir somata were abundant in basal forebrain and appeared in contact with CB1

receptor-containing terminals. Virtually all cholinergic neurons were immunoreactive for FAAH. A signi®cant proportion of cholinergic

cells exhibited VGLUT3 immunoreactivity in medial septum, diagonal bands and nucleus basalis, and were in close apposition to

VGLUT3-ir terminals. VGLUT3 immunoreactivity was largely absent in ventral pallidum and substantia innominata. We propose that

speci®c subsets of cholinergic neurons may utilize endocannabinoids or glutamate for retrograde control of the ef®cacy of input

synapses, and the mutually exclusive complementary distribution pattern of CB1 receptor-ir and VGLUT3-ir ®bres in basal forebrain

suggests segregated input-speci®c signalling mechanisms by cholinergic neurons.

Introduction

Retrograde synaptic signalling is a powerful mechanism whereby a

postsynaptic neuron regulates the ef®cacy of input synapses (Llano

et al., 1991; Pitler & Alger, 1992). Retrograde signalling was docu-

mented at both inhibitory and excitatory synapses in brain areas

associated with higher cognitive functions, such as hippocampus

(Ohno-Shosaku et al., 2001; Wilson & Nicoll, 2001) and cerebral

cortex (Zilberter et al., 1999; Zilberter, 2000). Endocannabinoids

(Ohno-Shosaku et al., 2001; Wilson & Nicoll, 2001) and glutamate

(Zilberter, 2000; Harkany et al., 2003) were recently recognized as

retrograde messengers.

Endogenous lipids with functional similarity to D9-tetrahydrocan-

nabinol in marijuana, termed endocannabinoids, affect neuronal func-

tions by suppression of synaptic transmission (for review see Alger,

2002; Kreitzer & Regehr, 2002). Endocannabinoids are synthesized in

the postsynaptic compartment by phospholipase D or C, and are

enzymatically degraded by fatty-acid amide hydrolase (FAAH; Cravatt

et al., 1996) or monoglyceride lipase (Dinh et al., 2002). Once formed,

endocannabinoids transit the synaptic cleft and bind to type 1 canna-

binoid (CB1) receptors (Matsuda et al., 1990) on presynaptic terminals

of various cell types (Tsou et al., 1998; Katona et al., 1999, 2001),

where CB1 receptor activation leads to suppression of neurotransmitter

release.

In addition, vesicular glutamate release from dendrites of layers 2

and 3 pyramidal cells has been identi®ed as a retrograde mechanism

regulating the ef®cacy of inhibitory neocortical synapses. While
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vesicular glutamate transporters 1 and 2 are associated with antero-

grade signalling by glutamate, vesicular glutamate transporter 3

(VGLUT3) is implicated in the accumulation of glutamate into trans-

port vesicles in dendrites, and its presence has been functionally

correlated with retrograde synaptic signalling (Harkany et al., 2003).

When released, glutamate acts on metabotropic glutamate receptors

and inhibits neurotransmitter release from the presynaptic terminal

(Zilberter, 2000). The ®nding that VGLUT3 expression is not limited

to glutamatergic neurons but is also present in various interneurons,

including striatal cholinergic cells (Gras et al., 2002; SchaÈfer et al.,

2002), suggests a broader role for retrograde glutamate signalling in

the brain (Fremeau et al., 2002).

Cholinergic neurons in basal forebrain form a series of nuclei

(Fig. 1) which are subdivided into the medial septum±vertical diagonal

band of Broca complex (MS±VDB), the horizontal diagonal band of

Broca (HDB) and the largely heterogeneous magnocellular nucleus

basalis complex which comprises cholinergic neurons of the ventral

pallidum (VP), medullary laminae of the globus pallidus (GP), mag-

nocellular nucleus basalis (MBN) and substantia innominata (SI)

(HaÈrtig et al., 2002; Mesulam et al., 1983a, b). Cholinergic neurons

provide topologically de®ned projections to remote areas, where

subcortical cholinergic innervation is a pivotal modulator of neuronal

activity (for review see Semba, 2000). MS±VDB neurons are the major

source of cholinergic terminals in hippocampus (Freund & BuzsaÂki,

1996), HDB cells project to olfactory bulb and cerebral cortex

(McKinney et al., 1983; ZaÂborszky et al., 1986), while MBN neurons

innervate the neocortex and amygdala (Luiten et al., 1987; Heckers

et al., 1994). Importantly, basal forebrain cholinergic neurons are

innervated by corticofugal, hippocampal and amygdala neurons

(Gaykema et al., 1991; Grove et al., 1986; Semba et al., 1988;

Fig. 1. Outline of major cholinergic nuclei in mouse and rat basal forebrain. Gray shading indicates particular nuclei which were the objectives of the present study.
Coordinates represent anterior±posterior distances from bregma, and correspond with those described by Franklin & Paxinos (1998) and Paxinos &Watson (1986) in
mouse and rat, respectively. BLA, basolateral amygdaloid complex; BST, bed nucleus of stria terminalis; CPu, caudate putamen; Ctx, cerebral cortex; GP, globus
pallidus; HDB, horizontal diagonal band of Broca; LS, lateral septal nucleus, LSV, ventral subdivision of lateral septal nucleus; MBN, magnocellular basal nucleus;
MS, medial septum; OT, olfactory tubercule; SHi, septohippocampal nucleus; SI, substantia innominata; TT, tenia tecta; VDB, vertical diagonal band of Broca; VP,
ventral pallidum; VPI±IPAC, subcommissural lateral part of ventral pallidum/interstitial nucleus of the posterior limb of anterior commissure.
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Gaykema & ZaÂborszky, 1996; ZaÂborszky et al., 1997; Jolkkonen et al.,

2002), which in turn can also adjust cholinergic activity in basal

forebrain.

Innervation of cholinergic basal forebrain neurons by various

projection neurons in hippocampus, cerebral cortex and amygdala

and their interplay during learning and memory processing suggest

®ne-tuned feedback control of synaptic ef®cacy between pre- and

postsynaptic cells. The central role of cholinergic neurons in a wide

range of cognitive functions prompted us to investigate the putative

participation of retrograde synaptic signalling mechanisms in the basal

forebrain by examining the distribution of neuronal structures immu-

noreactive for CB1 receptors, FAAH and VGLUT3, and their relation-

ships to cholinergic neurons.

Materials and methods

Animals and tissue preparation

To identify the distribution of CB1 receptors, FAAH and VGLUT3 in

cholinergic basal forebrain nuclei and in dorsal hippocampus and

somatosensory cortex, young adult (3months of age, 20±25 g) C57Bl/

6N (n� 5; Charles River, Sulzfeld, Germany) and BalbC (n� 4;

Charles River) mice and Wistar rats (n� 3, 250±280 g; Charles River)

were used. Animals were transcardially perfused under deep iso¯urane

anaesthesia (5%v/v) in 70% N2O and 30% O2 with a ®xative com-

posed of 4% paraformaldehyde and 0.1% glutaraldehyde in phosphate

buffer (PB; 0.1M, pH 7.4) which was preceded by a short prerinse of

ice-cold physiological saline. Whole brains were removed from the

skull, divided into fore- and hindbrain regions and post®xed in 4%

paraformaldehyde in PB overnight. Tissue samples were then cryo-

protected in 30% sucrose in physiological saline for 48 h, and 40-mm-

thick coronal sections spanning the entire basal forebrain were cut on a

cryostat microtome. All experiments on animals conformed to the

European Communities Council Directive (86/609/EEC) and were

approved by local ethical authorities (N55/2002). Care was taken to

minimize the number of animals used in these experiments.

Multiple immunofluorescence labelling

All immunostaining procedures were performed on free-¯oating

sections. For the double labelling of choline-acetyltransferase

(ChAT) and CB1 receptors sections were rinsed in PB and preincu-

bated with 5% normal donkey serum (NDS; Jackson Immunore-

search, West Grove, PA, USA), 2.5% bovine serum albumin (BSA;

Sigma, St Louis, MO, USA) and 0.3% Triton X-100 in PB for 1 h at

room temperature. Sections where then incubated in a cocktail of

rabbit anti-CB1 receptor (1 : 400, directed against the C-terminal

sequence; Katona et al., 2001) and goat anti-ChAT (1 : 200; Chemi-

con, Temecula, CA, USA) primary antibodies to which 0.1% Triton

X-100, 0.1% BSA and 1% NDS had been added for 48 h at 4 8C.

Subsequently, sections were extensively rinsed in PB and then

incubated with a mixture of carbocyanine (Cy)2-conjugated donkey

anti-rabbit IgG and Cy3-tagged donkey anti-goat IgG (1 : 200; Jack-

son) which were diluted in PB containing 2% BSA (2 h at room

temperature). Co-localization of immunoreactivities for ChAT and

p75 low-af®nity neurotrophin receptor (p75NTR) in basal forebrain

was carried out in a similar fashion applying rabbit anti-p75NTR

antibody (1 : 150; Promega, Madison, WI, USA).

Triple labelling experiments were performed to reveal the spatial

relationship of CB1 receptors, FAAH and VGLUT3 with subpopula-

tions of cholinergic projection neurons. Pre-blocking of our specimens

was performed with 5%NDS, 2.5%BSA and 0.3% Triton X-100 in PB

for 1 h at room temperature. Thereafter, sections were incubated with

selected combinations of primary antibodies, such as rabbit anti-CB1

receptor (1 : 400; Katona et al., 2001), goat anti-CB1 receptor (raised

against the full C-terminal amino acid sequence of rat CB1 receptor;

1 : 500), rabbit anti-FAAH (raised against the ®rst 102 amino acids of

rat FAAH; 1 : 500), rabbit anti-VGLUT3 (1 : 500; Fremeau et al.,

2002), guinea pig anti-VGLUT3 (1 : 1000; Fremeau et al., 2002), goat

anti-ChAT (1 : 200; Chemicon), rabbit anti-serotonin1A receptors

(1 : 250; Chemicon), rabbit anti-cholecystokinin-8 (CCK-8; 1 : 800,

DiaSorin, Stillwater, MN, USA), mouse anti-parvalbumin (PV,

1 : 1000; SWant, Bellinzona, Switzerland); mouse antineuron-speci®c

nuclear protein (NeuN, 1 : 200; Chemicon) and guinea pig anti-sub-

stance P (SP, 1 : 100, Chemicon) for 48 h at 4 8C. Neuronal markers

were visualized with combinations of Cy2-, Cy3- and Cy5-conjugated

antibodies generated in donkey (1 : 200, Jackson; in 2% BSA-contain-

ing PB, 2 h at room temperature). Finally, sections were rinsed in PB,

dipped in distilled water, mounted on ¯uorescence-free glass slides,

air-dried and coverslipped with Entellan (in toluene; Merck, Darm-

stadt, Germany).

Standard control experiments were performed by omission of

primary antibodies and yielded the lack of any cellular labelling. In

addition, switching of ¯uorochromes related to the above markers

revealed identical staining patterns. To verify the speci®city of rabbit

and goat anti-CB1 receptor, rabbit anti-FAAH, and rabbit and guinea

pig anti-VGLUT3 antibodies, immunolabelling was also performed in

the presence of corresponding glutathione-S-transferase-conjugated

fusion proteins (1±5mg/mL for rabbit anti-CB1 receptor, goat anti-

CB1 receptor and rabbit anti-FAAH antibodies, and 20mg/mL for

antisera raised against VGLUT3 in rabbit and guinea pig) as described

previously in detail (Tsou et al., 1998; Katona et al., 1999; Fremeau

et al., 2002; Harkany et al., 2003), and led to the complete absence of

immunosignals.

Confocal laser-scanning microscopy

Sections were inspected using a confocal laser-scanning microscope

(Model 510, Zeiss) equipped with appropriate excitation and emis-

sion ®lters for maximum separation of Cy2, Cy3 and Cy5 signals.

Emission wavelengths for Cy2, Cy3 and Cy5 were limited to 505±

530 nm (bandpass ®lter), 560±610 nm (bandpass ®lter) and >650 nm

(highpass ®lter), respectively. Reconstruction of cholinergic neurons

and their CB1 receptor- or VGLUT3-immunoreactive (ir) innervation

along the z-axis was carried out by capturing consecutive images

with a 60-mm pinhole size at 63� primary magni®cation (< 0.6mm

optical slice) and 2� optical zoom. Projection images were assembl-

ed using Zeiss LSM Viewer shareware software (version 3.0, http://

www.zeiss.de). Images were then processed using Paint Shop Pro

(version 8.0, Jasc Inc., Eden Prairie, MN, USA) and panels were

assembled in Adobe Photoshop (version 7.0, Adobe Inc., San Jose,

CA, USA).

Results

Cholinergic neurotransmission plays an important role in cognitive

functions. Retrograde synaptic signalling has been shown to modulate

the ef®cacy of neurotransmitter release at both excitatory and inhibi-

tory synapses in hippocampus, cerebral cortex and cerebellum. The

involvement of retrograde synaptic signalling in regulating cholinergic

activity in either the basal forebrain or in remote projection areas is,

however, not known. We therefore examined the localization of CB1

receptors, FAAH and VGLUT3 at principal putative sites of retrograde

signalling in the cholinergic system including (i) cholinergic somata in

the basal forebrain (Fig. 1), (ii) reciprocal projections terminating on

cholinergic neurons and (iii) ChAT-positive axons in their principal

terminal ®elds.
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Strain and inter-species differences in CB1 receptor

immunolabelling

Distribution of CB1 receptor-ir structures was identical in the basal

forebrain of C57Bl/6N and BalbC mice. Only minor differences in the

pattern of CB1 receptor immunoreactivity were found in mouse and rat

basal forebrain. In particular, the number of CB1 receptor-ir inter-

neurons appeared slightly higher in various regions of mouse basal

forebrain, as compared to identical structures in the rat. Therefore, data

presented in our report essentially describe the distribution of CB1

receptor immunoreactivity in the forebrain of C57Bl/6N mice, which

can be regarded as representative for BalbC mice and Wistar rats, as

well.

Distribution of CB1 receptors in basal forebrain nuclei

Cholinergic neurons lacked CB1 receptor immunostaining in all

subdivisions of the mouse basal forebrain. CB1 receptor-ir ®bres

innervating subsets of cholinergic and noncholinergic neurons, how-

ever, showed a topographically de®ned distribution pattern. Choliner-

gic neurons in the rostral pole of theMS±VDB complex were devoid of

CB1 receptor-ir innervation, while a dense network of thick CB1

receptor-ir perisomatic ®bres was present in tenia tecta (Fig. 2A). An

intensely CB1 receptor-ir ®bre meshwork with multiple varicosities

and a largely perineural localization was demonstrated in the lateral

septal nucleus, where both cholinergic and GABAergic projections,

the latter identi®ed by their immunoreactivity for the Ca2�-binding

protein PV, with a presumed origin within the basal forebrain

(Bialowas & Frotscher, 1987), were devoid of CB1 receptor immu-

noreactivity (Fig. 2B). CB1 receptor immunolabelling in MS±VDB

complex was localized to two distinct types of ®bres. CB1 receptor-ir

®bres of very thin calibre and weak immunoreactivity formed a diffuse

network around cholinergic neurons (Fig. 2C and D). In contrast, thick

®bres with strong CB1 receptor immunoreactivity terminated in the

immediate vicinity of noncholinergic cells in the dorsolateral part of

MS, and seemed to form synaptic contacts with these neurons

(Fig. 2D). CB1 receptor immunoreactivity in HDB was limited to a

homogeneously distributed immunosignal in very thin ®bres and thus

clearly distinguished the HDB from the olfactory tubercule (OT)

which exhibited CB1 receptor immunolabelling in varicose ®bres

(Fig. 2E and F). ChAT-ir neurons at the HDB±OT border were found,

albeit infrequently, in close proximity to CB1-ir terminals (Fig. 2F).

Fig. 2. Distribution of type 1 cannabinoid (CB1) receptor-immunoreactive (ir) structures in (A±D) medial septum (MS), (E,F) horizontal diagonal band of Broca
(HDB) and (G) subcommissural lateral part of ventral pallidum±interstitial nucleus of the posterior limb of anterior commissure (VPI±IPAC) of the C57Bl/6Nmouse.
Basal forebrain cholinergic neurons were devoid of CB1 receptor immunoreactivity. (A) CB1 receptor-ir ®bres form a dense network in tenia tecta (TT) while absent
in the anterior pole of MS. (B) The lateral septal nucleus (LS) receives CB1 receptor-ir innervation which is distinct from both cholinergic and parvalbumin-
containing GABAergic projections. (C) CB1 receptor-ir ®bre staining was present in the dorsolateral part ofMS (arrows) which terminated adjacent to noncholinergic
septal neurons (D, arrowheads). (E) Cholinergic neurons of HDB were also largely devoid of CB1 receptor-ir innervation, whereas marked CB1 receptor
immunoreactivity was localized to the olfactory tubercule (OT). A border-like zone (Bz) containing a few cholinergic neurons intermingled with CB1 receptor-ir
®bres provided structural separation between these nuclei. (F) Cholinergic neurons at the HDB-OT border were occasionally contacted by CB1 receptor-ir ®bres
(arrows). Note the presence of a weak, albeit clearly discernible, CB1 receptor-ir signal in both MS and HDB (arrow in D; E). (G) Cholinergic neurons situated in
VPI±IPAC were surrounded by a dense network of CB1 receptor-ir ®bres which often formed synaptic contacts on cholinergic neurons (arrowheads). Abbreviations:
AcA, anterior commissure; SHi, septohippocampal nucleus. Bz in E denotes the general location of F. Immunosignals for both PVand neuron-speci®c nuclear protein
(NeuN) were revealed by carbocyanine 5-conjugated secondary antibodies and appear as colour-coded blue. Scale bars, 75mm (A and G), 50mm (B, D and E),
180mm (C and E).
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Contrasting the cholinergic cells of the MS±VDB complex and HDB,

ChAT-ir neurons in the lateral segment of ventral pallidum (VPI) and in

the interstitial nucleus of the posterior limb of anterior commissure

(IPAC; Riedel et al., 2002; GaÈrtner et al., 2002) were embedded in a

dense network of CB1-ir ®bres (Fig. 2G), where CB1-ir afferents

formed synapse-like perisomatic and dendritic contacts with cholin-

ergic neurons (Fig. 3F). In MBN, the subset of large multipolar cholin-

ergic neurons, corresponding to p75NTR-ir cells (data not shown), was

situated in a ®ne meshwork of CB1 receptor-ir ®bres with moderate

staining intensity (Fig. 3A and B). In contrast, cholinergic neurons of

Fig. 3. Localization of CB1 receptors in magnocellular nucleus basalis (MBN) of C57Bl/6N mice. (A) The globus pallidus (GP) exhibited strong CB1 receptor
immunoreactivity and was clearly demarcated from cholinergic cell groups inMBN. Cholinergic MBN neurons were negative for CB1 receptors. Note that numerous
subnuclei of the amygdala, including the basolateral amygdaloid complex (BLA), exhibited strong CB1 receptor immunoreactivity. (B) Large multipolar cholinergic
neurons in the dorsomedial MBN subterritory, known to correspond to p75NTR-immunoreactive (ir) magnocellular neurons, were embedded in a ®ne meshwork of
CB1 receptor-ir ®bres (arrowheads) which appeared distinct from parvalbumin (PV)-ir structures. (C) In contrast, medium-sized cholinergic cells in the ventral MBN
subdivision, corresponding to p75NTR-negative cells of substantia innominata, received a dense CB1 receptor-ir innervation. (D) While CB1 receptor-ir ®bres in the
bed nucleus of stria terminalis were negative for CCK-8, a subset of CCK-8-containing interneurons in, e.g., lateral septal nucleus of rat (Meziane et al., 1997)
expressed CB1 receptors (E). (F±H) Reconstruction of cholinergic neurons in (F) ventral pallidum and (G and H) substantia innominata along the z-axis revealed CB1
receptor-containing terminals on cholinergic perikarya (H, arrowhead) and dendrites (F±H, arrows). Open squares in A show the location of high magni®cation
photomicrographs presented in B, C, F and G. F±H show reconstructions of cholinergic neurons yielded by merging serial 0.6-mm-thick confocal laser-scanning
microscopy images. Immunosignals for both PVand NeuNwere revealed by Cy5-conjugated secondary antibodies and subsequently colour-coded in blue. Scale bars,
220mm (A), 35mm (B and C), 45mm (D), 15mm (E), 20mm (E), 5mm (F, inset), 8mm (D, G and H).
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intermediate size in the ventromedial segment of MBN, known to

represent p75NTR-negative cells of SI (Heckers et al., 1994), were

closely surrounded by CB1 receptor-ir projections (Fig. 3A and C).

High-power confocal laser-scanning reconstruction of cholinergic SI

neurons revealed that CB1 receptor-ir ®bres formed multiple contacts

with cholinergic cells (Fig. 3G and H). It is noteworthy that the MBN

was surrounded by multiple nuclei, including the GP and central and

basolateral amygdaloid nuclei, which exhibited strong CB1 receptor

immunoreactivity (Fig. 3A).

CCK-8-immunoreactive neurons as an origin of CB1 receptor-ir

fibres in basal forebrain

To determine the origin of CB1 receptor-ir ®bres in basal forebrain, we

colocalized CB1 receptor immunoreactivity with PV, a principal

marker of both GABAergic local-circuit and projection neurons in

basal forebrain (Freund, 1989), and CCK-8, known to selectively label

CB1 receptor-ir GABAergic interneurons in hippocampus and amyg-

dala (Katona et al., 1999, 2001). CB1 receptor immunoreactivity

appeared distinct from PV-ir structures throughout the basal forebrain

of both mouse (Figs 2B and 3B) and rat (data not shown). Similarly, the

vast majority of CCK-8-ir processes were devoid of CB1 receptors in,

among others, OT, VP and the neighbouring bed nucleus of stria

terminalis (BST; Fig. 3D). In contrast, a subset of CCK-8-ir interneur-

ons and their axons, e.g. in lateral septal nucleus (Fig. 3E), expressed

CB1 receptors.

FAAH immunoreactivity in cholinergic neurons correlates with

CB1 receptor-ir innervation

The presence of CB1 receptor-ir innervation in basal forebrain nuclei

and the close apposition of CB1-ir afferents to cholinergic neurons

suggest that cholinergic cells can produce endocannabinoids. To test

this hypothesis we investigated the distribution of the endocannabi-

noid-degrading enzyme FAAH, localized in postsynaptic neurons

receiving CB1 receptor-ir innervation (EgertovaÂ et al., 1998, 2003;

Tsou et al., 1998), in cholinergic neurons of mouse basal forebrain. To

characterize the distribution of FAAH in different basal forebrain

nuclei, we performed immunostainings by using a novel antiserum

raised against a 102 amino acid-containing sequence of rat FAAH. The

pattern of immunostaining remained invariable in a broad range of

antibody dilutions, was largely insensitive to glutaraldehyde in the

®xative, and could be completely abolished by coapplying the GST

fusion protein. FAAH immunolabelling clearly delineated certain

basal forebrain nuclei and provided both somatic and ®bre staining.

Virtually all cholinergic cells in MS±VDB complex (Fig. 4A and B),

HDB, VP (Fig. 4C) and VPI±IPAC (Fig. 4E), as well as most choli-

nergic neurons in MBN (Fig. 4D), exhibited FAAH immunoreactivity.

A dorsoventral ascending gradient of FAAH-ir ®bre density surround-

ing cholinergic cells was apparent in the MBN complex. Whereas

large, multipolar cholinergic neurons were seated in nets of moderately

stained FAAH-ir ®bres (Fig. 4E and F), cholinergic SI neurons were

surrounded by a dense meshwork of strongly FAAH-ir processes

(Fig. 4E). The majority of noncholinergic neurons, as revealed by

immunostaining for the pan-neuronal marker NeuN, were also immu-

noreactive for FAAH in mouse basal forebrain (Fig. 4A±F).

To perform colocalization of FAAH and CB1 receptors, we used a

novel goat anti-CB1 receptor antibody which was raised against the

full C-terminus of the rat CB1 receptor. Immunolabelling with the goat

anti-CB1 receptor antiserum in both mouse and rat basal forebrain was

completely eliminated by preadsorbtion of the antibody with its fusion

protein. In addition, colocalization of rabbit anti-CB1 receptor and

goat anti-CB1 receptor immunoreactivities revealed identical struc-

tures in rodent forebrain (data not shown). Co-localization of FAAH

and CB1 receptor immunoreactivities demonstrated the direct spatial

relationship of the two markers inasmuch as FAAH-ir neuronal somata

were abundantly contacted by CB1 receptor-ir ®bres in all basal

forebrain regions, while there was little overlap of CB1 receptor-ir

and FAAH-ir ®bres (Fig. 4G±I).

Cholinergic terminals in hippocampus and neocortex lack CB1

receptor immunoreactivity

Activation of postsynaptic muscarinic acetylcholine receptors in hip-

pocampus has recently been shown to enhance the release of endo-

cannabinoids (Kim et al., 2002) and suggests a pivotal interaction of

cholinergic and endocannabinoid signalling in regulating higher brain

functions (Nava et al., 2001). We therefore studied whether this

interaction is re¯ected in the distribution of cholinergic and CB1-ir

terminals in mouse hippocampus and neocortex. Multiple immuno-

¯uorescence labelling demonstrated that CA1 pyramidal neurons,

identi®ed by their immunoreactivities for NeuN and serotonin1A
receptors (Nyakas et al., 1997), received both cholinergic and CB1-

ir innervation (Fig. 5A±C). Importantly, cholinergic terminals

appeared negative for CB1 receptors (Fig. 5B). A similar innervation

pattern was evident in the dentate gyrus (Fig. 5E). Besides CA1

pyramidal neurons and dentate granule cells, various hippocampal

interneurons containing, e.g., SP (Fig. 5D) or PV (Fig. 5E and F)

proved to be simultaneously innervated by cholinergic and CB1-ir

projections. High-power confocal laser-scanning analysis revealed the

presence of cholinergic and CB1-ir contacts on both perikarya and

dendrites (Fig. 5F).

In the neocortex, corticopetal cholinergic projections as well as local

cholinergic interneurons were devoid of CB1 receptor immunolabel-

ling (Fig. 5G±I). Detailed analysis, however, indicated that most

cortical neurons, including cholinergic (Fig. 5H) and PV-containing

GABAergic interneurons (Fig. 5I), received both cholinergic and CB1-

ir innervation.

Strain and inter-species differences in VGLUT3

immunolabelling

No signi®cant difference in the pattern of VGLUT3 immunolabelling

was found between the two mouse strains investigated. VGLUT3

immunoreactivity was, however, more abundant in mouse forebrain

than in corresponding structures in rat. While VGLUT3-ir ®bres in the

Fig. 4. FAAH immunoreactivity in cholinergic basal forebrain neurons of the C57Bl/6N mouse. Virtually all cholinergic neurons of (A) the medial septum and (B)
vertical diagonal band of Broca exhibited FAAH immunoreactivity. (C) In addition, multiple types of noncholinergic neurons, as revealed by the general neuronal
marker NeuN, were also labelled for FAAH. Similarly, the majority of cholinergic cells in the anterior part of the ventral pallidum and islands of Calleja were also
FAAH-positive. (D) FAAH was localized in cholinergic neurons of the subcommissural lateral part of VPI±IPAC too, whereas surrounding nuclei were only weakly
labelled. (E) FAAH exhibited a distribution pattern closely related to that of CB1 receptor immunoreactivity in MBN. Clusters of large multipolar cholinergic MBN
neurons were found immunoreactive for FAAH, and were surrounded by a ®ne network of FAAH-ir ®bres (F). Many noncholinergic neurons were also FAAH-
positive. A strong FAAH immunosignal was seen in the ventromedial MBN, also termed substantia innominata (open square, I) and in adjacent amygdaloid nuclei.
Co-localization of FAAHwith CB1 receptors in the dorsolateral subdivision of the medial septum (G; corresponding to Fig. 2D), MBN (H) and substantia innominata
(SI; I) revealed that FAAH-ir neurons received CB1-ir perisomatic ®bre innervation. Co-localization of ChATand FAAH immunoreactivities appear in yellow/orange.
The NeuN immunosignal was revealed by Cy5-conjugated secondary antibodies and colour-coded in blue. Open squares in E denote the position of ®gures F, H and I.
Scale bars, 100mm (A and B), 180mm (C and E), 220mm (D), 60mm (F), 30mm (G±I).
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basal forebrain of these animal species were distributed in a similar

fashion (Figs 6B, E and F and 8A±C), the number of VGLUT3-ir

neurons in mouse forebrain exceeded that in the rat (data not shown).

Differences in somatic VGLUT3 immunoreactivity were predominant

in amygdaloid nuclei, hippocampus and neocortex (data not shown),

whereas the proportion and spatial distribution of VGLUT3-ir choli-

nergic neurons in basal forebrain nuclei and the spatial relationship of

cholinergic and VGLUT3-ir ®bres in hippocampus and neocortex were
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Fig. 5. Spatial relationship of ChAT-immunoreactive (ir) and CB1 receptor-ir innervation of (A±F) dorsal hippocampus and (G±I) somatosensory cortex in C57Bl/6N
mice. Neither cholinergic projection ®bres terminating on hippocampal and cortical neurons nor cholinergic interneurons were immunoreactive for the CB1 receptor.
Cholinergic and CB1 receptor-ir ®bres in CA1 stratum pyramidale showed a dense basket-like perisomatic distribution pattern and shared target cells, including
(A±C) pyramidal cells and (C and D) interneurons. CA1 pyramidal cells were identi®ed by their immunoreactivity for (A and B) NeuN and (C) serotonin 1A receptors
(5-HT1A). (D) A subset of interneurons was visualized using anti-substance-P antibody (arrows). Note the dense cholinergic and CB1 receptor-positive innervation of
all cell types studied. (E and F) A similar distribution pattern of cholinergic and CB1 receptor-ir ®bres was evident in the dentate gyrus with both granule cells and
interneurons being simultaneously innervated. (F) Identi®cation of PV-containing GABAergic interneurons revealed adjacent localization of both ChAT-ir and CB1
receptor-ir boutons on dendritic compartments and neuronal perikarya (arrowheads). The arrow in E points to the PV-ir interneuron enlarged in F. (G±I) Neurons of all
layers in somatosensory cortex received both ChAT-ir and CB1 receptor-ir innervation, as demonstrated by triple immuno¯uorescence labelling using (G) NeuN and
(J) PV as markers of subsets of cortical neurons. Note the lack of ChAT and CB1 receptor colocalization. (H) Intracortical cholinergic interneurons received CB1
receptor-ir synaptic contacts (arrowheads) but themselves were negative for the CB1 receptor. Scale bars, 25mm (A and C), 12mm (B and D inset, and F and H),
40mm (D, E, G and I).
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indistinguishable in both animal species. To this end, representative

photomicrographs in Figs 6 and 7 showing the distribution of

VGLUT3-ir structures in the basal forebrain originate from C57Bl/

6N mice, except Fig. 7A which con®rms VGLUT3-ir innervation of

cholinergic neurons in rat HDB.

VGLUT3-immunoreactive fibres in basal forebrain

In order to identify the distribution of VGLUT3-ir neuronal structures

in cholinergic basal forebrain nuclei, we ®rst con®rmed that choli-

nergic interneurons in mouse striatum are strongly stained for

VGLUT3 (Fig. 6A; Fremeau et al., 2002; Gras et al., 2002). Subse-

quent analysis of basal forebrain nuclei revealed strong VGLUT3

immunosignal in ®bres situated close to the midline in MS±VDB

complex (Fig. 6B). VGLUT3-ir ®bres were tightly associated with

both cholinergic and noncholinergic MS±VDB neurons. In addition, a

separate VGLUT3-positive ®bre terminal ®eld was seen at the MS±LS

border, known to contain various subpopulations of GABAergic cells

(Riedel et al., 2002; Varga et al., 2003), with a ventral extension to

BST (Fig. 6D). Similar to the MS±VDB complex, the HDB also

received prominent VGLUT3-ir innervation (Fig. 6E and F) and

was thus clearly distinguished from OT (Fig. 6G). VGLUT3-ir ®bres

frequently formed numerous terminals on cholinergic neurons as

revealed by high-power laser-scanning microscopy and subsequent

reconstruction of cholinergic nerve cells (Fig. 7A). The VP and IPAC

did not receive VGLUT3-ir innervation (Fig. 7B and C). In contrast,

VGLUT3-ir ®bres were present in the MBN (Fig. 7D), where a

vertically decreasing gradient of immunoreactive ®bre density was

observed, thus leaving the SI virtually absent of VGLUT3-ir innerva-

tion (Fig. 7F).

VGLUT3 immunoreactivity in somata of basal forebrain

neurons

Together with VGLUT3-ir ®bres in basal forebrain nuclei, VGLUT3

immunoreactivity was also localized to neuronal perikarya. Neuronal

staining in the basal forebrain of both the mouse and rat appeared,

however, signi®cantly lower in intensity than that of VGLUT3-ir ®bres

or striatal interneurons (Fig. 6). Both cholinergic and PV-containing

GABAergic neurons of MS±VDB complex exhibited VGLUT3 immu-

noreactivity (Fig. 6C). In addition, a subset of noncholinergic neurons

at the dorsolateral MS border was immunoreactive for VGLUT3

(Fig. 6D) together with VGLUT3-ir neurons in BST (Fig. 6D, inset).

Cholinergic projection neurons in the HDB as well as cholinergic

interneurons in OT often exhibited VGLUT3 immunoreactivity

(Fig. 6G). Analysis of the nonreticulate subdivision of VP, as well

Fig. 6. Various subsets of cholinergic interneurons and projection neurons exhibit VGLUT3 immunoreactivity in mouse basal forebrain. (A) Cholinergic
interneurons in caudate±putamen (CPu) of C57Bl/6N mice were strongly immunoreactive for VGLUT3 (arrows) con®rming data reported earlier in rat (Fremeau
et al., 2002; SchaÈfer et al., 2002). In addition, the medial septum (MS; B) and vertical and horizontal diagonal bands (HDB; E) of Broca received dense VGLUT3-ir
innervation. (C) Note that VGLUT3-ir processes terminated in the vicinity of both cholinergic and noncholinergic, in particular PV-containing GABAergic, neurons.
Many septal cholinergic (arrow) and PV-ir GABA cells (arrowheads) also showed VGLUT3 immunolabelling. In addition, MS was surrounded by a band of
VGLUT3-ir ®bres intermingled with strongly VGLUT3-ir noncholinergic neurons (D) that was most evident at the border of MS with the bed nucleus of stria
terminalis (D, inset). Whereas the HDB received VGLUT3-ir innervation (E and F), the olfactory tubercule (OT), demarcated by a weakly VGLUT3-ir border zone
(Bz), exhibited a dense punctuate VGLUT3 labelling pattern (E and G). (E±G) Cholinergic neurons in both structures frequently expressed VGLUT3. (G) Note the
presence of VGLUT3 in both the somata and dendrites (arrowheads) of cholinergic OT cells. Arrow in G denotes a VGLUT3-ir noncholinergic neuron. Open squares
in B, D and E indicate the general location of images C, D inset and G, respectively. VGLUT3 immunostaining was performed using rabbit anti-VGLUT3 antibody.
Scale bars, 25mm (A), 250mm (B), 20mm (C and G), 140mm (E), 60mm (F).

ß 2003 Federation of European Neuroscience Societies, European Journal of Neuroscience, 18, 1979±1992

Retrograde signalling by cholinergic neurons 1987



as of VPI±IPAC, demonstrated that cholinergic cells in these areas only

rarely harboured VGLUT3 (Fig. 7B and C). In contrast, various types

of neurons, including cholinergic and PV-ir GABAergic cells, in MBN

and SI expressed VGLUT3 (Fig. 7D±F). It is noteworthy that MBN

neurons were the least immunoreactive among cholinergic basal

forebrain neurons for VGLUT3 (Fig. 7E and E0).

Cholinergic and VGLUT3-immunoreactive terminals in

hippocampus and neocortex

Both cholinergic and VGLUT3-ir projections exhibit highly structured

laminar organization in hippocampus and neocortex. In hippocampus,

VGLUT3-ir terminals are abundantly present in stratum pyramidale

Fig. 7. VGLUT3 immunoreactivity in cholinergic basal forebrain neurons of rat and mouse, and spatial relationship of cholinergic and VGLUT3-ir projections in
mouse dorsal hippocampus and neocortex. Cholinergic projection neurons of medial septum and horizontal diagonal band of Broca (HDB) in both animal species
received VGLUT3-ir innervation. (A) Projection image of a VGLUT3-ir cholinergic projection neuron in rat HDB contacted by VGLUT3-positive ®bres. Arrow
points to a perisomatic synapse-like contact. (B) Cholinergic cells in nonreticulate ventral pallidum (VPn; Riedel et al., 2002) of the mouse are negative for VGLUT3.
Note the presence of VGLUT3 immunoreactivity in neurons distinct from cholinergic or PV-containing GABA cells (arrowheads). (C) Similarly, only a fraction of
cholinergic neurons (arrows) and PV-ir GABAergic neurons (arrowhead) in the VPI±IPAC harbour VGLUT3 immunoreactivity. Importantly, neither VPn nor VPI±
IPAC received VGLUT3-ir innervation. (D±F) Cholinergic as well as noncholinergic neurons in magnocellular nucleus basalis (MBN) are immunoreactive for
VGLUT3. (D) Note that most cholinergic cells are moderately labelled. Arrow points to strong VGLUT3-ir in a cholinergic cell. In addition, diffuse ®brous VGLUT3
signal was present in and around cholinergic ®bre bundles, whereas PV-ir ®bres lacked VGLUT3 immunostaining. (E and E0) Perisomatic VGLUT3 labelling in
cholinergic nucleus basalis neuron. (F) Cells in substantia innominata also expressed VGLUT3; however, no ®bre staining was present. Arrowhead denotes VGLUT3-
ir PV-containing GABAergic neuron. (G) Cholinergic and VGLUT3-ir innervation of hippocampus CA1 sub®eld in mouse. Basket-like distribution of VGLUT3-
positive and cholinergic terminals around CA1 neurons suggests simultaneous innervation. PV-ir ®bres are shown in blue. (F) Dense cholinergic innervation was
visualized in different neocortical laminae concomitant with the presence of VGLUT3-ir interneuron-like cells which also received cholinergic terminals. VGLUT3
immunolabelling was performed using rabbit anti-VGLUT3 antibody. AcA, anterior commissure; L3, cortical layer 3. Scale bars, 15mm (E0), 20mm (A and F),
30mm (B, G and H), 50mm (C and D).
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and appear in a basket-like fashion around pyramidal cells (Fig. 7G). In

addition, ChAT-ir septohippocampal projections also exhibit peak

intensities in stratum pyramidale. VGLUT3 immunoreactivity in

hippocampus did not colocalize with either cholinergic or PV-ir

GABAergic synapses on pyramidal cells. However, we frequently

observed hippocampal neurons simultaneously receiving cholinergic

and VGLUT3-ir terminals in both animal species (Fig. 7G).

Prominent VGLUT3 immunostaining was demonstrated in layers 2

and 3 of the neocortex, whereas deep cortical layers exhibited mod-

erate labelling. In addition, a subset of interneurons in layers 2 and 3

was densely stained for VGLUT3, including neuronal somata and

proximal dendrites (Fig. 7H). Cholinergic ®bres often formed term-

inal-like structures on VGLUT3-ir interneurons, as well as on several

other cell types which received parallel VGLUT3-ir innervation

(Fig. 7H).

Co-localization of CB1 receptor and VGLUT3

immunoreactivities in basal forebrain

Simultaneous labelling of CB1 receptor and VGLUT3 immunoreac-

tive structures in rat basal forebrain con®rmed the complementary

distribution of these markers (Fig. 8A±C).

Discussion

Our data show the distribution of CB1 receptors, FAAH and VGLUT3

in rodent basal forebrain and their spatial relationship with subsets

of cholinergic neurons. Because neurons which are known to release

endocannabinoids also express the endocannabinoid-degrading

enzyme, FAAH, we suggest that virtually all cholinergic cells can

produce endocannabinoids, as indicated by their immunoreactivity for

FAAH. Once released from cholinergic cells, endocannabinoids can

Fig. 8. Co-localization of CB1 receptors and vesicular glutamate transporter (VGLUT3) in selected rat basal forebrain regions and schematic representation of the
distribution of CB1 receptor and VGLUT3 immunoreactivities in cholinergic basal forebrain nuclei. CB1 receptor-ir and VGLUT3-ir ®bres exhibited complementary
distribution in (A) the OT±ventral pallidal area, (B) VPI and (C) MBN, and thus con®rmed the spatial relationships of these markers in the basal forebrain. Arrows
point to VGLUT3-ir neurons and arrowheads indicate VGLUT3-ir ®bres of various calibres. Immunolabelling was performed by simultaneous application of rabbit
anti-CB1 receptor, guinea pig anti-VGLUT3 and mouse anti-NeuN antibodies. The NeuN immunosignal was revealed by Cy5-conjugated secondary antibodies and
colour-coded in blue. (D) CB1 receptors and VGLUT3 immunoreactivities in the MS±VDB complex formed onionskin-like ensheathing structures (Jakab & Leranth,
1995). Whereas CB1 receptor immunoreactivity was predominant in the lateral septal nucleus (LS), septohippocampal nucleus (SHi) and OT, the HDB exhibited
prominent VGLUT3 labelling. Gradual transition of VGLUT3 to CB1 receptor immunoreactivity was apparent in VP/IPAC and MBN complex. CB1 receptor
immunostaining appears in green, VGLUT3-ir structures were labelled in red, while simultaneous presence of CB1 receptors and VGLUT3 immunoreactivities are
shown in orange. Coordinates represent anterior±posterior distances from bregma, and correspond with those described by Franklin & Paxinos (1998) and Paxinos &
Watson (1986) in mouse and rat, respectively. BLA, basolateral amygdala; BST, bed nucleus of stria terminalis; CPu, caudate±putamen; Ctx, cerebral cortex; dHipp,
dorsal hippocampus; GP, globus pallidus; SI, substantia innominata. Scale bars, 120mm (A), 40mm (B), 85mm (C).
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act on CB1-ir ®bres which can morphologically be classi®ed as (i)

moderately CB1 receptor-ir smooth ®bres of very thin diameter

forming a meshwork in MS±VDB, HDB and MBN, and (ii) thick

varicose ®bres with strong CB1 receptor labelling in LS, VPI±IPAC

and SI. Cholinergic neurons in mouse basal forebrain did not express

CB1 receptors. In addition, cholinergic and CB1 receptor-ir projec-

tions innervating the dorsal hippocampus and neocortex exhibited a

geometrically well-organized laminar distribution pattern, and shared

hippocampal and neocortical projection ®elds. Analysis of the dis-

tribution of VGLUT3-ir ®bres in cholinergic basal forebrain nuclei

revealed that (i) varicose VGLUT3-ir ®bres largely occupied territories

devoid of CB1-ir innervation (Fig. 8D) and (ii) many cholinergic as

well as noncholinergic neurons harboured VGLUT3 immunoreactiv-

ity. Moreover, cholinergic and VGLUT3-ir terminals showed over-

lapping distribution in hippocampus and neocortex and presumed

cholinergic terminals were also found in apposition to VGLUT3-ir

interneurons.

Possible role of endocannabinoid signalling in basal forebrain

Compelling evidence indicates that endocannabinoids mediate retro-

grade synaptic signalling in hippocampus and cerebellum (Kreitzer &

Regehr, 2001, 2002; Wilson & Nicoll, 2001, 2002; Alger, 2002).

Whereas endocannabinoids are arachidonic acid derivatives with high

abundance in brain tissue, recent identi®cation of selective markers,

such as enzymes and receptors, has triggered recognition of endo-

cannabinoid signalling mechanisms in brain. In particular, immuno-

cytochemical localization of the endocannabinoid-degrading enzyme

FAAH in conjunction with CB1 receptors unveiled complementary

localization in rat brain and underlined the importance of endocanna-

binoid signalling in physiological neural functions (EgertovaÂ et al.,

1998, 2003; Tsou et al., 1998; Van Sickle et al., 2001; Kreitzer &

Regehr, 2002). Previously, Lu et al. (1999) demonstrated that choli-

nergic neurons in primate basal forebrain express CB1 receptors. We,

however, did not ®nd colocalization of the cholinergic marker ChAT

and CB1 receptors in mouse basal forebrain. Lack of CB1 receptors in

rodent cholinergic basal forebrain neurons may represent phylogenetic

differences in the organization of CB1 receptor-containing systems,

similar to the lack or presence of e.g. nitric oxide synthase and the

calcium-binding protein calbindin D-28 k in cholinergic neurons

(Brauer et al., 1991; CoÃteÂ & Parent, 1992; Geula et al., 1993; HaÈrtig

et al., 2002; Varga et al., 2003) across mammalian species. This

hypothesis is supported by the ®nding that cholinergic nucleus basalis

neurons in rabbit express CB1 receptors (unpublished observations).

Cholinergic basal forebrain neurons, however, were immunoreactive

for FAAH which points to their ability to produce endocannabinoids.

While the abundance of FAAH-ir in cholinergic cells was surprising,

the presence of distinct types of CB1 receptor-ir ®bres and their close

association with cholinergic neurons corroborate the idea that choli-

nergic nerve cells may control the ef®cacy of a subset of their input

synapses by endocannabinoid release.

Although the physiological importance of a very ®ne CB1 receptor-

ir ®bre network in MS±VDB complex, HDB and MBN may seem

rather elusive, recent data in our laboratories indicate that these ®bres

become transiently endowed with CB1 receptors when cholinergic

neurons are exposed to noxious stimuli (unpublished observations). In

accordance with previous mapping studies in rodent forebrain (Pettit

et al., 1998; Tsou et al., 1998; Moldrich & Wenger, 2000), CB1

receptor-ir varicose ®bres were localized to a series of areas in rodent

basal forebrain, including tenia tecta, LS, BST, VP/IPAC and SI. We

also, however, provided evidence on the relationship of CB1 receptor-

containing ®bres and cholinergic projection neurons, and showed that

mainly p75NTR-negative subsets of cholinergic neurons in VP/IPAC

and SI received CB1 receptor-ir innervation. The origin of CB1

receptor-ir innervation in basal forebrain remains as yet to be identi-

®ed. Nevertheless, it is tempting to speculate that they might originate

in particular subnuclei of the amygdaloid complex. As VP and SI are

major sources of cholinergic innervation of the amygdala (Grove et al.,

1986; Heckers et al., 1994; Semba, 2000; Jolkkonen et al., 2002), CB1

receptor-ir efferents from amygdaloid nuclei would represent recipro-

cal feedback connections which are pivotal in controlling cognitive

functions and emotions (Everitt & Robbins, 1997; Whalen et al.,

1998).

Partial co-localization of CB1 receptor and CCK-8

immunoreactivities in basal forebrain

Earlier studies in hippocampus (Katona et al., 1999) and amygdala

(Katona et al., 2001; McDonald &Mascagni, 2001) demonstrated high

CB1 receptor concentrations in CCK-8-containing GABAergic neu-

rons. Similarly, CCK-8-ir cells in LS and GP were immunoreactive for

CB1 receptor. CB1 receptor-ir ®bres in cholinergic basal forebrain

nuclei did, however, lack CCK-8 immunoreactivity, suggesting a

vastly different origin for these projections. The difference between

CCK-8±CB1 receptor doubly positive, and CCK-8-negative and CB1

receptor-positive structures in basal forebrain may also be attributed to

largely variable levels of CB1 receptor expression in distinct cell

groups of the forebrain, as was revealed by in situ hybridization

(Marsicano & Lutz, 1999). In particular, CCK-8-containing neurons

exhibit the strongest CB1 receptor expression, whereas a broad variety

of other cell types harbour low levels of CB1 receptor mRNA.

Cholinergic and CB1 receptor-ir afferents provide parallel

innervation to postsynaptic target cells in hippocampus and

neocortex

Pharmacological studies indicate that septohippocampal cholinergic

projections can interact with and modulate the action of endocanna-

binoids in hippocampus (Kim et al., 2002) with a direct effect on

learning and cognitive performance (Kathmann et al., 2001; Nava

et al., 2001). In particular, Kim et al. (2002) demonstrated that

carbachol-induced activation of postsynaptic muscarinic acetylcholine

receptors on hippocampal neurons led to a subsequent enhancement of

endocannabinoid release from hippocampal cells. Our data show that

cholinergic terminals in hippocampus and cerebral cortex are devoid of

CB1 receptors and suggest that acetylcholine-mediated stimulation of

postsynaptic neurons and the degree of subsequent endocannabinoid

release from postsynaptic neurons may affect the ef®cacy of neigh-

bouring noncholinergic CB1 receptor-ir input connections. Perturba-

tion of this regulatory mechanism may be of signi®cance in

Alzheimer's disease, where the loss of subcortical cholinergic inner-

vation concomitant with reduced acetylcholine concentrations in

hippocampus and cerebral cortex can indirectly lead to dysinhibition

of CB1 receptor-containing terminals. Consequently, the lack of CB1

receptor-mediated control of neurotransmitter release could lead to

dysfunction of postsynaptic target cells and hamper information

processing in these areas.

VGLUT3 immunoreactivity is localized to subsets of cholinergic

neurons and afferent fibres in rodent basal forebrain

By classical de®nition, vesicular neurotransmitter transporters are

localized to synaptic terminals where they shuttle neurotransmitters

into synaptic vesicles (for review see Masson et al., 1999). Three dis-

tinct subtypes of vesicular glutamate transporters, termed VGLUT1,

VGLUT2 and VGLUT3, have recently been identi®ed (see, e.g.,

Bellocchio et al., 2000; Takamori et al., 2000; Fremeau et al.,

2001, 2002; Gras et al., 2002; SchaÈfer et al., 2002). While VGLUT1
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and VGLUT2 reveal distinct subsets of glutamatergic neurons in the

brain (Fremeau et al., 2001), VGLUT3 was visualized not only in

glutamatergic terminals but also in nonglutamatergic cells including

GABAergic interneurons, serotonergic nerve cells and striatal choli-

nergic interneurons. An approximately order-of-magnitude higher

VGLUT3 immunoreactivity has been noted in glutamatergic terminals

than in nonglutamatergic neurons (Fremeau et al., 2002). Importantly,

VGLUT3 is present not only in axon terminals but also in dendrites of

distinct types of neurons, including pyramidal cells in neocortical

layers 2 and 3 (Harkany et al., 2003), and hippocampal and striatal

interneurons (Fremeau et al., 2002) which prompted suggestion of its

involvement in the control of retrograde signalling mediated by vesi-

cular glutamate release from neuronal dendrites (Harkany et al., 2003).

Here, we ®rst con®rmed that cholinergic interneurons in mouse

striatum also exhibit strong VGLUT3 immunoreactivity. In addition,

we report that the MS±VDB complex, HDB and MBN receive strong

VGLUT3-ir innervation, whereas VP±IPAC and SI are largely devoid

of VGLUT3-ir ®bres. Multiple immuno¯uorescent labelling also

revealed that cholinergic neurons along with PV-containing GABAer-

gic cells were immunoreactive for VGLUT3 throughout the basal

forebrain. Cellular VGLUT3 immunoreactivity was, however, of low

intensity compared with that of VGLUT3-ir ®bre labelling. Analysis of

the cellular distribution of the VGLUT3 signal in cholinergic nerve

cells revealed that not only cholinergic perikarya but also several

dendrites, including secondary and tertiary branches, were labelled.

Our ®ndings substantiate previous observations that suggested the

synthesis and corelease of glutamate from cholinergic terminals of

basal forebrain projection neurons (Manns et al., 2001). Moreover, we

assume that VGLUT3 in cholinergic cells controls retrograde signal-

ling by regulating dendritic vesicular glutamate release in a manner

similar to that described in pyramidal cells (Harkany et al., 2003). Our

hypothesis is also supported by the presence of VGLUT3-ir synapses

on cholinergic neurons, suggesting that VGLUT3 may be involved in

synaptic signalling both at the pre- and postsynaptic level.

Conclusions

In summary, we have identi®ed complementary distribution patterns of

CB1 receptor-positive and VGLUT3-ir projections to cholinergic basal

forebrain nuclei (Fig. 8). The well-organized structural separation of

these novel signalling mechanisms in the basal forebrain may represent

feedback pathways from projection targets of cholinergic neurons and

thus appear to be critical for regulating the activity of cholinergic

efferents originating in the basal forebrain. Therefore, the involvement

of CB1 receptor- and VGLUT3-mediated control of subsets of cho-

linergic neurons may be of importance in learning, memory formation,

storage and retrieval, and emotional control.
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Endocannabinoid-Independent Retrograde Signaling at
Inhibitory Synapses in Layer 2/3 of Neocortex: Involvement
of Vesicular Glutamate Transporter 3

Tibor Harkany,1* Carl Holmgren,2* Wolfgang Härtig,3 Tayyaba Qureshi,4 Farrukh A. Chaudhry,4 Jon Storm-Mathisen,4

Marton B. Dobszay,2 Paul Berghuis,1 Gunnar Schulte,1 Kyle M. Sousa,1 Robert T. Fremeau Jr,5 Robert H. Edwards,5

Ken Mackie,6 Patrik Ernfors,1 and Yuri Zilberter2

1Unit of Molecular Neurobiology, Department of Medical Biochemistry and Biophysics, and 2Department of Neuroscience, Karolinska Institutet, S-17177

Stockholm, Sweden, 3Department of Neurochemistry, Paul Flechsig Institute for Brain Research, University of Leipzig, D-04109 Leipzig, Germany,
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University of California San Francisco School of Medicine, San Francisco, California 94143, and 6Departments of Anesthesiology, and Physiology and

Biophysics, University of Washington, Seattle, Washington 98195

Recent studies implicate dendritic endocannabinoid release from subsynaptic dendrites and subsequent inhibition of neurotransmitter

release from nerve terminals as a means of retrograde signaling in multiple brain regions. Here we show that type 1 cannabinoid

receptor-mediated endocannabinoid signaling is not involved in the retrograde control of synaptic efficacy at inhibitory synapses

between fast-spiking interneurons and pyramidal cells in layer 2/3 of the neocortex.

Vesicular neurotransmitter transporters, such as vesicular glutamate transporters (VGLUTs) 1 and 2, are localized to presynaptic

terminals and accumulate neurotransmitters into synaptic vesicles. A third subtype of VGLUTs (VGLUT3) was recently identified and

found localized to dendrites of various cell types. We demonstrate, using multiple immunofluorescence labeling and confocal laser-

scanning microscopy, that VGLUT3-like immunoreactivity is present in dendrites of layer 2/3 pyramidal neurons in the rat neocortex.

Electron microscopy analysis confirmed that VGLUT3-like labeling is localized to vesicular structures, which show a tendency to accu-

mulate in close proximity to postsynaptic specializations in dendritic shafts of pyramidal cells. Dual whole-cell recordings revealed that

retrograde signaling between fast-spiking interneurons and pyramidal cells was enhanced under conditions of maximal efficacy of

VGLUT3-mediated glutamate uptake, whereas it was reduced when glutamate uptake was inhibited by incrementing concentrations of

the nonselective VGLUT inhibitor Evans blue (0.5–5.0 mM) or intracellular Cl 2 concentrations (4 –145 mM). Our results present further

evidence that dendritic vesicular glutamate release, controlled by novel VGLUT isoforms, provides fast negative feedback at inhibitory

neocortical synapses, and demonstrate that glutamate can act as a retrograde messenger in the CNS.

Key words: cannabinoid receptor; inhibitory transmission; interneuron; neocortex; pyramidal cell; vesicular glutamate transporters

Introduction
Retrograde synaptic signaling provides negative feedback to neu-
rotransmitter release from a nerve terminal by the release of neu-
roactive substances from the postsynaptic dendrite (for review,
see Alger, 2002). Retrograde signaling has also been demon-
strated at inhibitory synapses between pyramidal cells and fast-
spiking, nonaccommodating (FSN) interneurons in layer 2/3 of
neocortex (Zilberter, 2000). The effect of retrograde messengers

was mediated via metabotropic glutamate receptors (mGluRs) in
the axon terminals of FSN interneurons. These results prompted
the suggestion that glutamatemight act as a retrogrademessenger
in inhibitory neocortical synapses. More recent findings, how-
ever, show that endocannabinoids act as membrane-diffusible
retrograde messengers in the cerebellum (Kreitzer and Regehr,
2001b), hippocampus (Wilson and Nicoll, 2001), and neocortex
(Trettel and Levine, 2003), where they suppress neurotransmitter
release by acting on presynaptic type 1 cannabinoid (CB1) recep-
tors. Because endocannabinoid synthesis is controlled by mGluR
activation (Maejima et al., 2001; Varma et al., 2001), the possible
involvement of endocannabinoid signaling at inhibitory synapses
between pyramidal cells and FSN interneuronswas also proposed
(Ludwig and Pittman, 2003).

Here we demonstrate that CB1 receptor-mediated endocan-
nabinoid signaling is not involved in tuning transmission efficacy
of inhibitory synapses between FSN interneurons and pyramidal
cells. If dendritic exocytosis of glutamate (Zilberter, 2000) under-

Received Sept. 2, 2003; revised March 17, 2004; accepted April 20, 2004.

This work was supported by European Commission Grant QLG3-CT-2001-02430 (Y.Z.), the Swedish Medical

Research Council (T.H.), the Hungarian National Science Fund (F035254) (T.H.), the Hans and Loo Ostermans Foun-

dation (T.H.), and National Institutes of Health Grants DA11322 and DA99286 (K.M.). We thank O. K. Penz for skilled

technical assistance with immunocytochemical procedures.

*T.H. and C.H. contributed equally to this work.

Correspondence should be addressed to Dr. Yuri Zilberter, Department of Neuroscience, Karolinska Institutet,
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lies retrograde signaling, then both synaptic vesicles and vesicular
glutamate transporters (VGLUTs) should be located in subsyn-
aptic dendrites.

Neurotransmitter release at both excitatory and inhibitory
synapses requires accumulation of neurotransmitters in synaptic
vesicles and their subsequent Ca21-dependent exocytosis from
presynaptic terminals (Masson et al., 1999). Transport of classical
neurotransmitters, such as glutamate, into storage vesicles in
nerve endings is mediated by VGLUT1 and VGLUT2 (Bellocchio
et al., 2000; Takamori et al., 2000a, 2001; Fremeau et al., 2001),
which are expressed in subpopulations of glutamatergic neurons
throughout the CNS (Fremeau et al., 2001; Fujiyama et al., 2001;
Kaneko et al., 2002; Li et al., 2003). In contrast, a third subtype of
vesicular glutamate transporters, VGLUT3, exhibiting high
structural and functional similarity to VGLUT1 and VGLUT2
(Fremeau et al., 2002; Gras et al., 2002; Schäfer et al., 2002; Taka-
mori et al., 2002), was additionally found in various non-
glutamatergic nerve cells, including cholinergic, serotonergic,
and GABAergic neurons (Fremeau et al., 2002; Gras et al., 2002;
Schäfer et al., 2002; Takamori et al., 2002; Harkany et al., 2003).
In addition to its presence in nerve terminals of GABAergic in-
terneurons, VGLUT3 was also localized to membranous struc-
tures in dendrites of striatal and hippocampal neurons with
interneuron-like morphology (Fremeau et al., 2002; Herzog et
al., 2004); however, the physiological significance of VGLUT3 in
dendritic compartments is as yet unknown.

We show that VGLUT3-like immunoreactivity, but not
VGLUT1 or VGLUT2, is present in the dendrites of pyramidal
cells in layer 2/3 of the neocortex. Dual whole-cell recordings
provide evidence that modulating VGLUT activity controls ret-
rograde communication at inhibitory synapses between FSN in-
terneurons and pyramidal cells. Our results therefore suggest that
glutamate is a retrograde messenger and its release, mediated by
novel VGLUT isoforms, from pyramidal cell dendrites can pro-
vide fast negative feedback in inhibitory neocortical synapses.

Materials and Methods
Tissue processing. Experimental procedures were approved by the Ethical
Committee on Animal Experiments of Stockholm (N55/2002) and con-
formed to the European Communities Council Directive (86/609/EEC).
Brain slices for electrophysiological studies were prepared from 14- to
18-d-old Sprague Dawley rats. For immunocytochemistry, young adult
male rats (200–250 gm; n 5 6) were anesthetized deeply with pentobarbital
andperfused transcardiallywith physiological saline (50ml) followedby 4%
paraformaldehyde and 0.1%glutaraldehyde in 0.1 M phosphate buffer (PB),
pH 7.4. Brains were postfixed in 4% paraformaldehyde in PB overnight.
Cryoprotection of the tissuewas achieved by equilibrating in 30% sucrose in
PB, and 40-mm-thick coronal or sagittal sections were cut on a cryostat
microtome and collected in PB.

Patch-clamp recordings. Cortical parasagittal slices (300 mm) were pre-
pared as described previously (Markram et al., 1997). Neurons in layer
2/3 of the visual or somatosensory cortex were selected on the basis of
morphological features using infrared differential interference contrast
video microscopy and subsequent characterization of neuron firing
properties. The extracellular solution contained (in mM): 135 NaCl, 2.5
KCl, 2 CaCl2, 1 MgCl2, 25 NaHCO3, 1.25 NaH2PO4, and 25 glucose. The
pipette solution contained (inmM): 125 K-gluconate, 20 KCl, 4 ATP-Mg,
10 Na-phosphocreatine, 0.3 GTP, and 10 HEPES, pH 7.3.

In pharmacological experiments, the KCl concentration was varied in
the pipette solution with a corresponding substitution of K-gluconate.
To inhibit spontaneous excitatory activity of recorded cells during exper-
iments with 4mM Cl2 in the pipette solution, 2–4 mM 2,3-dioxo-6-nitro-
1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium (Toc-
ris Cookson, Bristol, UK) was added to the bath solution. Evans blue (EB)
(500 nM-5 mM; Sigma, St. Louis, MO) was directly dissolved in the pipette

solution. (R)-(1)-[2,3-dihydro-5-methyl-3-(4-morpholinylmethyl)
pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-1-naphthalenylmethanone mesy-
late (WIN 55,212-2) and N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-
dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM 251) were
obtained from Tocris Cookson and applied in the extracellular solution.
Efficacy of the WIN 55,212-2 stock solution was verified in experiments on
lamprey spinal cord (Kettunenet al., 2002). EfficacyofAM251was testedon
unitary connections between layer 5 pyramidal cells (n 5 3), where AM 251
completely prevented the initiation of long-term depression during a 10 Hz
pairing protocol (Sjöström et al., 2003). All experiments were performed at
32234°C.

A conditioning protocol for raising the dendritic Ca 21 concentration
was applied as described previously (Zilberter, 2000). A train of 10 action
potentials (APs) at 50 Hz in the pyramidal neuron induced by current
injection in the soma caused a transient increase in the dendritic Ca 21

concentration. One or two successive IPSPs in the pyramidal cell were
evoked by stimulating the FSN interneuron 250 msec after the postsyn-
aptic burst. Only the first IPSP induced in each stimulation pattern was
analyzed. This pattern of sequential presynaptic and postsynaptic stim-
ulation was repeated every 5 sec. The paired-pulse ratio (PPR) was cal-
culated as IPSP2/IPSP1, in which IPSP1 and IPSP2 were mean IPSP
amplitudes in response to the first and second FSN cell APs, respectively.
The mean amplitude of unitary IPSPs was measured from 50 to 100
sweeps.

Connected pairs of pyramidal cells and interneuronswere labeledwith
Alexa Fluor 488 (0.5 mM; Molecular Probes, Leiden, The Netherlands)
and biocytin (0.5 mg/ml; Sigma), respectively.

Data from electrophysiological recordings after pharmacological ma-
nipulations were statistically evaluated using Student’s t test. Drug effi-
cacy was characterized by determining the degree of inhibition during
conditioning that was calculated as the percentage of the mean precon-
ditioning control value. A p level of ,0.05 was taken as indicative of
statistical significance. Data were expressed as means 6 SD.

Immunohistochemical detection of CB1 receptors in brain slices and co-
localization with vesicular GABA transporter and VGLUT3. Brain slices
were fixed in 4% paraformaldehyde and 0.1% glutaraldehyde in PB over-
night at 4°C. After extensive rinsing in PB, free-floating brain slices were
pretreated with 1% Sudan Black B in 70% ethanol to quench tissue
autofluorescence (Schnell et al., 1999). Specimens were then preincu-
bated in a solution of 2.5% bovine serum albumin (BSA), 5% normal
donkey serum (NDS; Jackson ImmunoResearch, West Grove, PA), and
0.5% Triton X-100 in PB for 1 hr, which was followed by exposure to the
primary antibody (Ab) rabbit anti-CB1 receptor [1:400; directed against
a C-terminal sequence (Katona et al., 2001)] that was diluted in amixture
of 5% dimethylsulfoxide, 0.5% Triton X-100, 0.1% BSA, and 1% NDS in
PB for 48 hr at 4°C. Thereafter, tissue was rinsed extensively in PB and
incubated with carbocyanine (Cy)2- or Cy5-conjugated donkey anti-
rabbit (9.0 mg/ml) secondary antibodies and Cy3-tagged streptavidin
(0.25 mg/ml to reveal neurobiotin labeling; Jackson ImmunoResearch) in
2% BSA and 0.5% Triton X-100 in PB overnight at 4°C. The specificity of
CB1 receptor immunolabeling was verified in control experiments by
preadsorption of the CB1 receptor Ab with the corresponding glutathi-
one S-transferase-coupled fusion protein (1.0 mg/ml) and resulted in the
complete absence of immunolabeling.

To reveal the distribution of CB1 receptors, vesicular GABA trans-
porter (VGAT), and VGLUT3 and their spatial relationship to pyramidal
cells in the neocortex, coronal sections were preincubated in a solution of
2% BSA, 5% NDS (Jackson ImmunoResearch), and 0.3% Triton X-100
in PB for 1 hr and subsequently exposed to selected combinations of
primary antibodies, such as guinea pig anti-VGAT (1:1000; Chemicon,
Temecula, CA), rabbit anti-CB1 receptor (1:400) (Katona et al., 2001),
guinea pig anti-VGLUT3 (1:1000) (Harkany et al., 2003), and mouse
anti-SMI 32 (1:1000; selectively recognizing nonphosphorylated neuro-
filaments in pyramidal cells; Affinity Research Products, Nottingham,
UK) (Pike et al., 1993), which were diluted in 1% NDS, 0.1% BSA, and
0.3% Triton X-100 in PB for 48 hr at 4°C. After extensive rinsing of tissue
samples, immunoreactivities were revealed by Cy2-conjugated donkey
anti-mouse, Cy3-tagged donkey anti-rabbit, and Cy5-labeled donkey
anti-guinea pig secondary antibodies (9.0 mg/ml, 2% BSA in PB, 2 hr).
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Target-specific isolation of interneuron subsets
and Western blotting. Tissue was obtained from
Sprague Dawley rats on postnatal day 4. After
dissection of neocortical layers 1–3, the samples
were enzymatically dissociated [0.1% trypsin in
PBS (PBS, 0.01 M, pH 7.4) containing 0.5% glu-
cose] for 15 min at 37°C. Next, the tissue was
triturated in Neurobasal-A medium (Invitro-
gen, Carlsbad, CA) supplemented with DNase
(0.5 mg/ml; Promega, Madison, WI) and cen-
trifuged (600 rpm, 10 min, 25°C), and the pellet
was washed twice in Neurobasal-A medium. To
isolate CB1 receptor-expressing interneurons,
;3 3 10 7 superparamagnetic polystyrene
beads covalently bound to affinity-purified
sheep anti-rabbit IgG (;30 ml; M-280, Dynal
Biotech, Oslo, Norway) were washed in PBS
containing 0.1% BSA (PBS–BSA) and subse-
quently incubated with 15 mg of rabbit anti-
CB1 receptor Ab [recognizing the extracellular
N terminus (Katona et al., 1999)] overnight at
4°C under continuous agitation in PBS–BSA.
Anti-CB1 receptor Ab-conjugated beads were
then collected with a magnetic particle concen-
trator (MPC, Dynal Biotech), washed in PBS–
BSA, and incubated separately with aliquots of
the cell suspension in Neurobasal-A medium
for 1.5 hr at room temperature under continu-
ous shaking. Cells bound to Ab-bead conju-
gates were then isolated by placing the suspen-
sion in MPC-1 for 2–3 min. Isolated cells were
washed in Neurobasal-A medium. Subse-
quently, equal amounts of CB1 receptor-
positive interneurons and of cells of the rem-
nant cortical tissue (800,000) were lysed using a
modified radioimmunoprecipitation buffer
containing (final concentrations): 50 mM Tris-
HCl, pH 7.4, 1% Triton X-100, 0.25% Na-
deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM

NaF, 1 mM Na3VO4, and a mixture of protease
inhibitors (Complete, EDTA-free, Roche,
Mannheim, Germany). Dissociated crude frac-
tions of layer 1–3 of the neocortex (P4) were
used as control. Next, samples were sonicated
and lysates were denatured in 53 Laemmli
buffer. Samples of identical volume (5 ml) were
analyzed by PAGE (4% stacking and 10% re-
solving gels) and electrical transfer of proteins onto polyvinylidene diflu-
oride membrane using Towbin’s buffer. After blocking in 1% gelatin in
Tris-HCl buffer (50 mM, pH 7.4) containing 0.1% Tween 20 (TBS-T) for
1 hr, the membranes were exposed to primary antibodies [rabbit anti-
VGLUT3, 1:4000 (Fremeau et al., 2002), and rabbit anti-VGAT, 1:2000
(Takamori et al., 2000b) (Synaptic Systems, Göttingen, Germany)],
overnight at 4°C. The neuronal marker b-III-tubulin (1:1000; Promega)
was used to control loading efficacy. After they were washed in TBS-T,
the membranes were incubated in a solution containing a goat anti-
rabbit Ab coupled to alkaline phosphatase (1:10,000; Amersham Bio-
sciences, Uppsala, Sweden), and bands were visualized using the en-
hanced chemiluminescence method according to the manufacturer’s
instructions (Amersham Biosciences).

Immunofluorescence localization of VGLUTs in pyramidal cells. Immu-
nohistochemical procedures were applied to free-floating sections and
started by extensive rinsing of tissue samples in PB. Subsequently, sec-
tions were exposed to a blocking solution containing 5% NDS (Jackson
ImmunoResearch) and 2% BSA in PB, to which 0.3% Triton X-100 had
been added, for 1 hr. Double-labeling experiments with selected combi-
nations of antibodies recognizing nonphosphorylated neurofilaments
and microtubule-associated protein 2 (MAP2) with VGLUT1, VGLUT2,
or VGLUT3 were performed by incubating the sections in mixtures of

antibodies, such as mouse anti-SMI32, mouse anti-SMI311 [1:1000; Af-

finity Research Products (Pike et al., 1993; Preuss et al., 1997)], rabbit

anti-MAP2 (1:600; Chemicon), rabbit anti-VGLUT1 (1:2000), rabbit

anti-VGLUT2 (1:1000; both obtained from Synaptic Systems), guinea

pig anti-VGLUT3 (1:1000–1:10,000), or rabbit anti-VGLUT3 [1:500–1:

1000 (Fremeau et al., 2002; Harkany et al., 2003)], in PB containing 1%

NDS, 0.1% BSA, and 0.3% Triton X-100 for 48 hr at 4°C. After repeated

rinsing of the sections, immunoreactivities were visualized with combi-

nations of affinity-purified secondary antibodies raised in donkey and

tagged with Cy2 or Cy3 as fluorophores [9.0 mg/ml (Jackson ImmunoRe-

search) in 2% BSA-containing PB; 2 hr at room temperature). Control

experiments were performed by omission of primary antibodies and

resulted in the absence of stained fibers and perikarya. In addition,

preadsorption of both anti-VGLUT3 primary antibodies with 20 or 40

mg/ml fusion protein (Fremeau et al., 2002; Harkany et al., 2003) resulted

in the complete absence of the immunosignal. Finally, sections were

rinsed extensively in PB, dipped briefly in distilled water, mounted onto

fluorescence-free slides, air-dried, and coverslipped with Entellan

(Merck, Darmstadt, Germany).

Immunoelectron microscopy localization of VGLUT3. Tissue samples

were prepared, and pre-embedding VGLUT3 labeling using the immu-

noperoxidase method was performed as described previously (Chaudhry

Figure 1. CB1 receptors are not detectable in FSN interneuron–pyramidal cell synapses. A, The highest density of CB1-

immunoreactive fibers was demonstrated in layer 2/3 of the neocortex, whereas CB1-positive cells were found predominantly in

deep cortical layers. A neurobiotin-labeled FSN interneuron–pyramidal cell pair appears in red. L1–L5 denote cortical layers. B,

Colocalization of CB1 receptors with identified neuron pairs demonstrated a lack of CB1 immunoreactivity at inhibitory connec-

tions (M). B9, High-power reconstruction of particular inhibitory contacts along the z-axis revealed CB1 receptor-negative con-

tacts between FSN interneurons and pyramidal cells. Arrows denote CB1-negative synaptic contacts between identified cells,

whereas arrowheads indicate separate CB1-immunoreactive synapses of as yet unidentified origin. NB, Neurobiotin. C, Pyramidal

cells receive prominent CB1 receptor-immunoreactive innervation on the proximal segment of their apical dendrites, with only a

subset being immunoreactive for VGAT (C9). Scale bars: A, 120 mm; B, 65 mm; B9, 12 mm; C, 15 mm; C9, 7 mm.

4980 • J. Neurosci., May 26, 2004 • 24(21):4978 – 4988 Harkany et al. • VGLUT3 Controls Retrograde Signaling in Neocortex



et al., 1998; Fremeau et al., 2002). Rabbit anti-VGLUT3 primary Ab and
biotinylated secondary donkey anti-rabbit IgG (Jackson ImmunoRe-
search) were diluted as 1:200–1:800 and 1:100, respectively. Subse-
quently, ;1–3 mm 3 tissue blocks were excised from immunostained
brain sections, postfixed in 2.5% glutaraldehyde, immersed in 10 mg/ml
OsO4 for 30 min, dehydrated in graded ethanol and propylene oxide, and
embedded in Durcupan ACM. Contrast enhancement of ultrathin sec-
tions was achieved by incubation with 10 mg/ml uranyl acetate for 10
min and 3 mg/ml lead citrate for 1 min. Electron microscopy analysis was
performed using a Phillips CM10 electron microscope.

Laser-scanning microscopy. Analysis of our specimens was performed
using a confocal laser-scanning microscope (model 510, Zeiss) equipped
with argon (488 nm) and helium–neon (543 nm and 633 nm) lasers and
appropriate excitation and emission filters for maximum separation of
Cy2, Cy3, and Cy5 signals. Emission wavelengths were limited to 505–
530 nm (bandpass filter, Cy2), 560–610 nm (bandpass filter, Cy3),
and .650 nm (long-pass filter, Cy5), respectively. Analysis of identified
synapses along the z-axis was performed by capturing consecutive images
with a 60 mm pinhole size at 633 primary magnification (,0.6 mm
optical slice) and 2.53 optical zoom as described previously (Harkany et
al., 2003; Holmgren et al., 2003). The infrared signal (Cy5) was color
coded in blue. Projection images were established using Zeiss LSM
Viewer shareware software (version 3.0). Images were then processed
using Paint Shop Pro (version 8.0; Jasc, Eden Prairie, MN), and panels
were assembled in Adobe Photoshop (version 7.0; Adobe, San Jose, CA).

Results
CB1 receptor-mediated endocannabinoid signaling is not
involved in retrograde synaptic communication between FSN
interneurons and pyramidal cells
Retrograde synaptic communication with nonquantal release of
endocannabinoids, acting on presynaptic CB1 receptors (Devane

et al., 1988), has been demonstrated at in-
hibitory hippocampal (Wilson and Nicoll,
2001) and neocortical connections (Tret-
tel and Levine, 2003) and both inhibitory
(Kreitzer and Regehr, 2001b) and excita-
tory (Kreitzer and Regehr, 2001a) synapses
in the cerebellum. Do endocannabinoids
also participate in the control of efficacy of
inhibitory synapses between FSN inter-
neurons and pyramidal cells? To address
this question, we first examined the pat-
tern of CB1 receptor immunoreactivity in
layer 2/3 of the neocortex, with a particular
interest in the presence, or absence, of CB1
receptors in the axons of FSN interneu-
rons. CB1 receptor immunostaining in
cortical slices revealed a dense network of
CB1 receptor-immunoreactive fibers and
a few CB1 receptor-immunopositive so-
mata (Fig. 1A). The highest density of CB1
receptor-positive fibers was apparent in
layer 2/3 (Tsou et al., 1998). FSN interneu-
rons formed multiple synapses (n 5 7 6 1
in three identified cell pairs) on neighbor-
ing pyramidal cells (Fig. 1B). The com-
bination of CB1 receptor immunohisto-
chemistry with intracellular labeling of
synaptically connected cells revealed a lack
of CB1 receptors in presynaptic terminals
of FSN interneurons (Fig. 1B,B9). In addi-
tion, only a subset of CB1 receptor-labeled
terminals on pyramidal cell dendrites co-
localized with VGAT (Fig. 1C,C9), sug-
gesting that non-GABAergic, as yet un-

identified nerve endings harboring CB1 receptors also exist in
layer 2/3 of the neocortex.

Electrophysiological recordings verified the lack of endocan-
nabinoid-mediated retrograde signaling in FSN interneuron–
pyramidal cell pairs (Fig. 2). IPSPs were measured under control
conditions and in the presence of the selective cannabinoid re-
ceptor agonist WIN 55,212-2 (1 mM). WIN 55,212-2 did not af-
fect inhibitory transmission, as indicated by the unchanged mean
IPSP amplitude [0.93 6 1.07 mV (control) vs 0.96 6 1.06 mV
(WIN 55,212-2); n 5 6] (Fig. 2A). A higher WIN 55,212-2 con-
centration (5 mM) did not affect synaptic transmission either. The
mean IPSP amplitude was 0.45 6 0.13 mV in control and 0.48 6
0.16 mV in the presence of WIN 55,212-2 with 4 mM Cl2 in the
pipette solution (n 5 3; data not shown). Moreover, synaptic
depression during conditioning could still be induced in the pres-
ence of the CB1 receptor antagonist AM 251 (4 mM) in the extra-
cellular solution (Fig. 2B) when the mean IPSP amplitude de-
creased to 68 6 8% of control during conditioning (n 5 3). We
therefore concluded that FSN terminals do not contain CB1 re-
ceptors and endocannabinoids do not contribute to retrograde
signaling at inhibitory synapses between FSN interneurons and
pyramidal cells.

VGLUT3 is present in distinct groups of cortical cells
Recent in situ hybridization studies have demonstrated the pres-
ence of VGLUT3 mRNA transcripts in various cell populations,
including both glutamatergic and non-glutamatergic neurons, in
rodent forebrain (Fremeau et al., 2002). In the rat cerebral cortex,
abundant VGLUT3 mRNA was detected in multiple cortical lam-

Figure 2. Endocannabinoid signaling via CB1 receptors does not affect retrograde signaling between FSN interneurons and

pyramidal cells in layer 2/3 of the neocortex. CB1 receptor agonist and antagonist do not affect synaptic transmission. A, Dual

whole-cell recordings showed that the cannabinoid receptor agonist WIN 55,212-2 (1 mM) did not influence IPSPs in pyramidal

cells (20 mM [Cl 2] in the pipette solution). B, Trains of backpropagating APs induced IPSP depression in the presence of CB1

receptor antagonist AM 251 (4 mM). Four millimolars of [Cl 2] in the pipette solution was used. Top panels show selected

experiments. Horizontal lines correspond to the mean amplitude of IPSPs, and corresponding records are shown on the top.

Bottom panels, Each circle represents the mean amplitude from all experiments (A, n 5 6; B, n 5 3). In each experiment, the IPSP

amplitudes were normalized to the average amplitude in control. Subsequently, at equal times during the experimental protocol,

normalized IPSPs were averaged.
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inas, but strongest labeling was achieved in
layer 2/3. Prominent VGLUT3 expression
was confined to a subset of putative inter-
neurons, whereas pyramidal cells hybrid-
ized at lower levels (Fremeau et al., 2002).

Although previous studies addressing
the distribution of VGLUT3 protein in-
variably noted high VGLUT3 levels in a
distinct subset of GABAergic interneurons
in the neocortex (Fremeau et al., 2002;
Gras et al., 2002; Schäfer et al., 2002; Herzog
et al., 2004), relatively few data support
the existence of other neuron populations
with low VGLUT3 expression (Fremeau et
al., 2002, 2004). Importantly, VGLUT3-
immunoreactive cortical interneurons
belong to the cholecystokinin (CCK)-
containing subset of GABAergic cells
(M. B. Dobszay and T. Harkany, unpub-
lished observations) and coexpress CB1
receptors (Fig. 3A,B).

Selective expression of CB1 receptors
on VGLUT3-containing interneurons al-
lows target-specific isolation of this inter-
neuron population from the neocortex (P.
Berghuis, M. B. Dobszay, K. M. Sousa, P.
P., Mager, W. Härtig, T. J. Görcs, Y. Zil-
berter, P. Ernfors, and T. Harkany, unpub-
lished observations). Therefore, we used
this approach to determine whether
VGLUT3 protein can still be detected in
samples of cortical tissue after removal of
VGLUT3-containing interneurons. The isolation procedure was
performed at P4, when VGLUT3 protein is present in the neocor-
tex (Schäfer et al., 2002). As Figure 3C shows, both VGLUT3 and
VGAT, an invariable marker of GABAergic neurons, were abun-
dantly expressed in layers 1–3 of the neocortex. GABAergic inter-
neurons expressing CB1 receptors harbored significant amounts
of VGLUT3 together with low levels of VGAT. In contrast, fast
spiking (FS) cells contained high amounts of VGAT, whereas
their VGLUT3 protein content was under our detection thresh-
old (data not shown). Importantly, significant amounts of
VGLUT3 protein, together with VGAT, were still found in the
remnant cell pool prepared from neocortical layers 1–3. Our data
thus suggest that VGLUT3 may be present in cortical neurons
distinct from subsets of GABAergic interneurons.

VGLUT3 is present in pyramidal cell dendrites
To identify whether VGLUT3 protein is localized to pyramidal
cells in layer 2/3 of neocortex, and whether its subcellular distri-
bution is consistent with a putative function in retrograde neu-
rotransmission, we first performed multiple immunofluores-
cence labeling using combinations of anti-VGLUT3 antisera
raised in rabbit or guinea pig and morphological markers of py-
ramidal cells. Both anti-VGLUT3 antibodies revealed identical
staining patterns in rat neocortex. In particular, intense VGLUT3-
like immunoreactivity was present in the somata and axons of a
subset of interneuron-like cells (Fig. 4A). VGLUT3-like immu-
noreactivity, albeit of lower intensity, was demonstrated in neu-
rons with pyramidal cell-like morphology (Fig. 4A,B), confirm-
ing the known distribution pattern of VGLUT3 mRNA in this
region (Fremeau et al., 2002). High-resolution confocal laser-
scanning microscopy substantiated the presence of VGLUT3-like

immunolabeling in the somata and dendritic arbor of pyramidal
cells (Fig. 4B–D). VGLUT3 signal was localized to proximal, pri-
mary, and secondary compartments of apical and basal dendrites
(Fig. 4C,D) in pyramidal cells. VGLUT3-like labeling was evi-
dent in dendritic shafts, the primary site of inhibitory synapses
(Freund and Gulyas, 1991), but not in dendritic spines known
to predominantly receive excitatory synaptic contacts (Baude
et al., 1995). Occasionally, VGLUT3-immunoreactive terminals
with a presumed origin in interneurons were in close apposition
to VGLUT3-containing dendrites (Fig. 4 D–D0).

The localization of VGLUT3-like immunoreactivity in proxi-
mal dendritic segments of pyramidal cells coincided with a dense
GABAergic innervation (Fig. 5A,B), including subsets of FS
interneurons (Fig. 5C,D) (Wang et al., 2002). FS cell terminals
were frequently found in close apposition to the apical dendritic
shaft of pyramidal cells, suggesting a possible involvement of
VGLUT3 in signaling mechanisms between pyramidal cells and
interneurons.

Subcellular localization of VGLUT3-like immunoreactivity in
pyramidal cells
The subcellular distribution of all known vesicular neurotrans-
mitter transporters reflects their function to concentrate neuro-
transmitters in synaptic vesicles (Chaudhry et al., 1998; Masson
et al., 1999; Bellocchio et al., 2000; Takamori et al., 2000a,b;
Fremeau et al., 2001, 2002). To determine whether the spatial
distribution of VGLUT3 in apical dendrites of pyramidal cells
could underlie its functional involvement in the control of retro-
grade synaptic transmission, we localized VGLUT3-like immu-
noreactivity by immunoelectron microscopy. On the electron
microscopic level, VGLUT3 appears at two locations in neurons.

Figure 3. A, VGLUT3-immunoreactive interneurons express CB1 receptors. Note the predominant colocalization of VGLUT3 and

CB1 in axons terminals (arrowheads), whereas interneuron dendrites do not contain CB1 receptors (arrow). Open square denotes

the location of B. B, High-power photomicrograph demonstrating colocalization of CB1 receptors, VGLUT3, and VGAT in terminals

of cortical interneurons. Arrows point to triple-labeled terminals. Scale bars: A, 55 mm; B, 7 mm. C, Detection of VGLUT3 and VGAT

protein by immunoblotting. Tissue samples from layers 1–3 (L1–L3) of the neocortex, interneurons expressing CB1 receptors (CB1

cells), and residual L1–L3 cortical samples after CB1 cell isolation (Remnant) were analyzed for their VGLUT3 and VGAT protein

contents. In L1–L3 of the neocortex, significant amounts of both VGLUT3 and VGAT proteins were present. VGLUT3 protein was

demonstrated in enriched populations of CB1 cells, confirming our above immunocytochemical data. Note that the remnant tissue

after selective separation of VGLUT3-containing CB1 cells still exhibited marked VGLUT3 and VGAT signals. Double bands for

VGLUT3 and VGAT migrated at 52–56 kDa (Schäfer et al., 2002) and 50 –57 kDa (Takamori et al., 2000), respectively. The presence

of double bands for VGLUT3 was attributed to the low protein load in each sample and subsequent band separation. Lysates

prepared from identical numbers of CB1 cells and remnant cell suspension were loaded. b-III-tubulin was used as a loading

control.
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Axon terminals of VGLUT3-immunoreactive interneurons were
found scattered in layer 2/3 and were densely stained for the
transporter (Fig. 6A). In addition, VGLUT3-like immunoreac-
tivity was present in dendrites of pyramidal cells (Fig. 6A–C), and
vesicle-like structures labeled for this transporter were tightly

associated with postsynaptic densities in
subsynaptic dendrites (Fig. 6B,C). In ac-
cordance with our results obtained by
laser-scanning microscopy, VGLUT3-like
labeling was present in dendritic shafts
(Fig. 6C).

Pyramidal cell dendrites lack VGLUT1
and VGLUT2 immunoreactivity
VGLUT1 and VGLUT2 were previously
found localized to terminals of mostly
nonoverlapping subsets of glutamatergic
neurons throughout the CNS, with
VGLUT1 being the predominant form in
neocortex (Fremeau et al., 2001). To verify
that the cellular distribution of VGLUT1
and VGLUT2 is limited to axonal endings
in layer 2/3 of the neocortex, we used mul-
tiple immunofluorescence labeling for
VGLUT1 or VGLUT2 combined with anti-
bodies (SMI32 and SMI311) directed against
nonphosphorylated neurofilament epitopes
in pyramidal cells (Pike et al., 1993; Preuss
et al., 1997). Although pyramidal cells
received multiple VGLUT1- (Fig. 7A,B)
or VGLUT2-immunoreactive synapse-like
contacts (Fig. 7C,D), neither VGLUT1 nor
VGLUT2 was present in the dendritic arbor
of pyramidal cells (Fig. 7B,D). Our data thus
indicate that VGLUT3 is the only isoform of
known VGLUTs present in dendrites of
pyramidal cells.

Modulation of vesicular glutamate
uptake affects retrograde signaling
In layer 2/3 of the neocortex, microcircuits
of reciprocally interconnected glutamater-
gic pyramidal cells and GABAergic inter-
neurons, including FSN cells (Zilberter,
2000), are present (Buhl et al., 1997;
Markram et al., 1998; Reyes et al., 1998;
Zilberter, 2000; Rozov et al., 2001; Wang et
al., 2002; Holmgren et al., 2003). It had
been hypothesized previously that gluta-
mate release from pyramidal cell dendrites
is involved in the regulation of inhibitory
transmission by retrograde synaptic sig-
naling, because mGluR agonists sup-
pressed GABA exocytosis from FSN axon
terminals whereas mGluR antagonists
prevented retrograde signaling (Zilberter,
2000). These findings, coupled with
VGLUT3-like immunoreactivity in den-
drites of glutamatergic pyramidal cells,
prompted us to study whether VGLUT-
mediated uptake of glutamate into secretory
vesicles could underlie retrograde synaptic
communication between pyramidal cells

and FSN interneurons. We therefore tested the effect of modulating
VGLUT activity in a postsynaptic pyramidal cell on neurotrans-
mitter release from FSN interneurons.

Dyes structurally related to glutamate, such as a biphenyl de-
rivative of 1,3-naphthalene disulfonic acid known as Evans blue,

Figure 4. VGLUT3-like immunoreactivity is present in dendrites of pyramidal cells in layer 2/3 of neocortex. A, Intense VGLUT3

immunoreactivity in interneuron-like cells (arrowhead) and in their processes was found scattered in layer 2/3 of neocortex

concomitant with VGLUT3-like labeling in neurons with apparent pyramidal morphology (arrows). Significant labeling of apical

dendrites was evident. B, Laser-scanning microscopy demonstrated the presence of VGLUT3-like immunoreactivity in populations

of putative pyramidal cells immunoreactive for microtubule-associated protein 2 (arrows). C–C0, High-power image of a pyrami-

dal cell in layer 2/3 of the neocortex with perisomatic and dendritic VGLUT3-like immunoreactivity. Open square indicates the

general localization of D–D0. D–D0, VGLUT3-like immunoreactivity in the apical dendritic shaft of a pyramidal cell. Arrowhead

denotes VGLUT3-like immunoreactive terminal with a presumed origin in interneurons. Optical slice thickness 5 1.7 mm ( A), 1

mm ( B), and 0.6 mm (C, D). L1–L4 denote cortical layers. Scale bars: A, 65 mm; B, 28 mm; C9, 15 mm; D9, 3 mm.

Figure 5. Pyramidal cells in layer 2/3 of the neocortex receive prominent GABAergic innervation on apical dendrites. A, VGAT

immunolabeling revealed GABAergic synapses aligning the proximal segment of the apical dendritic tuft of pyramidal cells. Open

square in A corresponds to image in B. C, Localization of inhibitory connections of FSN interneurons on pyramidal cells in layer 2/3.

D, Synaptic contact (arrow) was demonstrated on the apical dendrite of a pyramidal cell. Scale bars: A, 18 mm; B, 4 mm; C, 200

mm; D, 10 mm.
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are potent, competitive VGLUT antago-
nists in the nanomolar range (EB: IC50 5
87 nM) (Roseth et al., 1995; Bellocchio et
al., 2000; Schäfer et al., 2002). In addition,
VGLUT subtypes are sensitive to changes
in the intracellular Cl2 concentration
([Cl2]i) (Bellocchio et al., 2000; Schäfer et
al., 2002). VGLUT-mediated glutamate
uptake is maximal at 1–4 mM [Cl2]i,
whereas an increase in [Cl2]i leads to in-
hibition of VGLUT function in a dose-
dependent manner (Bellocchio et al.,
2000). Maximum inhibition (of ;80%) is
achieved above 140 mM [Cl2]i. We there-
fore used EB and varying [Cl2]i as a means
to modulate glutamate transport in pyra-
midal cells.

Dual whole-cell recordings were per-
formed in pyramidal cell–FSN interneu-
ron pairs with a standard conditioning
paradigm (Zilberter et al., 1999; Zilberter,
2000). First, we initiated retrograde signal-
ing by dendritic Ca 21 influx induced by a
train (50 Hz) of 10 backpropagating APs in
pyramidal cell dendrites in the presence of
4 mM [Cl2]i in the pipette solution and
recorded unitary IPSPs 250 msec after-
ward. The mean IPSP amplitude decreased
during conditioning by AP trains to 51 6
16% of control (n 5 5) (Fig. 8A). Thus,
application of 4 mM [Cl2]i in pyramidal
cells resulted in an increase of synaptic de-
pression ( p , 0.05; n 5 6) during condi-
tioning as compared with IPSP depression
recorded with 20 mM [Cl2]i (69 6 17% of
control; n 5 10) (Zilberter, 2000).

Intracellular application of EB (1 mM)
in pyramidal cells abolished synaptic de-
pression during conditioning, inducing
IPSP potentiation instead (125 6 18% of
control; p ,0.01 vs 4 mM [Cl2]i; n 5 4)
(Fig. 8B). In experiments with both EB (5
mM) and 20 mM Cl2 in the pipette solu-
tion, conditioning resulted in a strong potentiation of IPSPs (Fig.
8C) with a mean IPSP amplitude of 191 6 10% of control ( p ,
0.01 vs 4 mM [Cl2]i; n 5 6). A 10-fold lower EB concentration
(500 nM) in the presence of 20 mM Cl2 in the pipette solution still
abolished IPSP depression during conditioning and induced
IPSP potentiation, although of a smaller magnitude (119 6 27%
of control; p , 0.05 vs 4 mM [Cl2]i; n 5 4; data not shown)
than that observed at 5 mM EB. IPSP potentiation was most likely
expressed postsynaptically because the PPR did not change with
IPSP potentiation [0.70 6 0.11 (control) and 0.72 6 0.12 (con-
ditioning) (n 5 8)].

Finally, we tested the effect of 145 mM [Cl2]i, known to sig-
nificantly inhibit VGLUT function (Bellocchio et al., 2000), on
the efficacy of retrograde signaling. Conditioning with this [Cl2]i

induced potentiation of IPSPs (Fig. 8D) with a mean IPSP am-
plitude of 120 6 21% of control ( p , 0.01 vs 4 mM [Cl2]i; n 5 4).
Thus, our findings provide evidence that accumulation of gluta-
mate in storage vesicles, likely controlled by VGLUT3, and sub-
sequent dendritic glutamate release mediate retrograde signaling
between FSN interneurons and pyramidal cells.

Discussion
Retrograde synaptic signaling in neocortex

Neurotransmitter release from dendrites implicated in the feed-

back regulation of afferent activity in various brain regions has

been investigated extensively over the past decade (for review, see

Alger, 2002; Ludwig and Pittman, 2003). Endocannabinoid sig-

naling is the most thoroughly studied mechanism underlying

retrograde synaptic communication (Alger, 2002). In particular,

endocannabinoids were identified as retrograde messengers in

cerebellar Purkinje (Kreitzer and Regehr, 2001a) and hippocam-

pal pyramidal cell (Wilson and Nicoll, 2001) synapses, in which

short-term retrograde signaling was first observed by Llano et al.

(1991) and Pitler and Alger (1992). Endocannabinoids are

membrane-diffusible messengers, and thus their dendritic release

does not require morphologically defined active zones (Alger,

2002). Accordingly, endocannabinoid effects are not confined to

specific synapses, and once synthesized, they can affect popula-

tions of neurons (Wilson and Nicoll, 2001). Endocannabinoid

synthesis is triggered by mGluR activation (Maejima et al., 2001;

Figure 6. VGLUT3-like immunoreactivity in vesicle-like structures in cortical dendrites and nerve terminals. A, Immunoelec-

tron microscopy revealed VGLUT3-like immunoreactivity in vesicle-like structures (asterisk) of pyramidal cell dendrites ( D) in rat

neocortex. A, inset, Strong VGLUT3 labeling was also localized in synaptic vesicles in a subpopulation of nerve terminals (T). Such

stained terminals occur scattered throughout the neocortex but are concentrated particularly around cell bodies in layer 2/3. B,

VGLUT3-immunoreactive vesicle-like structures frequently appeared postsynaptically in the vicinity of terminals. C, VGLUT3-like

immunoreactivity was present in dendritic shafts but not in dendritic spines (S). G, Glia; m, mitochondria. Scale bars, 500 nm.

Figure 7. Distribution of VGLUT1 and VGLUT2 immunoreactivities in layer 2/3 of neocortex and their relationship to dendrites

of pyramidal cells. VGLUT1 ( A) and VGLUT2 ( C) were present exclusively in axon terminals that, among other cell types, also

formed synapse-like contacts with pyramidal cells (B, D, arrows). Open squares in A and C denote the stem of apical dendrites and

correspond to high-power photomicrographs in B and D, respectively. Note the lack of VGLUT1 or VGLUT2 immunoreactivity in

dendrites of pyramidal cells. Pyramidal cells were identified by their immunoreactivity to an Ab raised against nonphosphorylated

neurofilaments (anti-SMI32). Scale bars: A, C, 18 mm; B, D, 6 mm.

4984 • J. Neurosci., May 26, 2004 • 24(21):4978 – 4988 Harkany et al. • VGLUT3 Controls Retrograde Signaling in Neocortex



Varma et al., 2001) and an increase in den-
dritic Ca 21 concentration (Di Marzo et al.,
1998).

Short-term regulation of transmitter
release via retrograde signaling in FSN–py-
ramidal inhibitory synapses strongly de-
pends on the activation of mGluRs and is
triggered by an increase in dendritic Ca 21

concentration (Zilberter, 2000). The ma-
jor finding of our present report is that
retrograde signaling between FSN inter-
neurons and pyramidal cells, despite phar-
macological similarities with endocan-
nabinoid signaling, is not mediated by
endocannabinoids but by the novel mech-
anism of dendritic vesicular release of glu-
tamate (Fig. 9). VGLUT-mediated gluta-
mate transport into vesicles is suggested to
play a role in retrograde signaling, because
inhibition of VGLUT activity abolished
retrograde signaling.

Distribution of VGLUTs in neocortex
VGLUT1, VGLUT2, and VGLUT3 func-
tion to shuttle glutamate into synaptic ves-
icles (for review, see Masson et al., 1999).
All known VGLUT isoforms exhibit high
sequence homology, selectivity for gluta-
mate, and similar sensitivity to EB and Cl2

concentrations (Bellocchio et al., 2000;
Schäfer et al., 2002). VGLUT1 and
VGLUT2 are localized to mostly nonover-
lapping populations of glutamatergic axon
terminals throughout the CNS. Their cel-
lular distribution therefore supports their
suggested function in anterograde synap-
tic communication (Fremeau et al., 2001).

In contrast, VGLUT3 expression in
neocortex is confined to a distinct subset
of GABAergic interneurons, predomi-
nantly containing CCK and coexpressing
CB1 receptors, and to the dendritic arbor
and somata of pyramidal cells. These
“noncanonical” sites of VGLUT3 localiza-
tion, together with its presence in other
types of non-glutamatergic neurons
throughout the rodent forebrain (Gras et
al., 2002; Schäfer et al., 2002; Harkany et
al., 2003), suggest that VGLUT3 may be
critical for as yet unknown signaling
mechanisms. Although previous studies
show unanimously that VGLUT3 is ex-
pressed by subsets of non-glutamatergic
neurons in the neocortex, hippocampus,
striatum, and raphe nuclei, the presence of
VGLUT3 in principal cells of the neocor-
tex and hippocampus remains rather con-
troversial. Although Fremeau et al. (2002),
using riboprobes, demonstrated the abun-
dant presence of VGLUT3 mRNA tran-
scripts in the neocortex, including cell
groups with strong (putative interneu-
rons) and weak (putative pyramidal cells)

Figure 8. Inhibition of VGLUT-mediated glutamate uptake suppresses retrograde signaling in FSN interneuron–pyramidal cell

pairs. A, Depression of IPSP amplitude is observed during conditioning by backpropagating action potential trains in pyramidal cell

dendrites. B, VGLUT inhibition by EB abolishes this depression, inducing potentiation of IPSPs. C, Increased intracellular chloride

concentration in conjunction with EB induces potentiation of IPSP amplitude during conditioning. D, Depression of IPSPs during

conditioning can be eliminated by an intracellular chloride concentration that inhibits all known VGLUT isoforms (Bellocchio et al.,

2000; Schäfer et al., 2002). Top plots in each panel show examples of recordings with differing intracellular solutions. The mean

IPSP amplitude is represented by horizontal lines, and the corresponding IPSP records are shown on the top. Bottom plots, Each

circle represents the mean amplitude from all experiments (n 5 5 in A; n 5 4 in B; n 5 6 in C; n 5 4 in D). In each experiment,

the IPSP amplitudes were normalized to the average amplitude in control. Subsequently, at equal times during the experimental

protocol, normalized IPSPs were averaged.
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hybridization signal, Gras et al. (2002) and Schäfer et al. (2002)
did not report weak hybridization signals in the neocortex when
using VGLUT3 oligonucleotide probes. Here, we substantiated
the previous findings of Fremeau et al. (2002) using both target-
specific isolation combined with Western blotting and immuno-
cytochemistry, and our findings corroborate the in situ hybrid-
ization data reported previously.

Previous data on the effect of exocytosis inhibitors, such as
botulinum toxin D (Xu et al., 1998) and GDP-bS (Hess et al.,

1993), on retrograde signaling (Zilberter et al., 1999; Zilberter,
2000) suggest exocytosis as the mechanism of vesicle release from
dendrites. Electron microscopy analysis confirmed that VGLUT3
may be localized to vesicle-like structures that show a tendency to
accumulate in close proximity to postsynaptic specializations in
dendritic shafts of pyramidal cells. When released into the synap-
tic cleft, glutamate acts on presynaptic mGluRs localized on
GABAergic terminals (Zilberter, 2000) that negatively couple
to GABA release (Fig. 9). In this cascade, mGluRs serve as
high-affinity presynaptic sensors of the retrograde messenger,
glutamate.

Action of VGLUT inhibitors
Retrograde signaling was inhibited by application of EB in the
postsynaptic pyramidal cell. EB is commonly used to monitor
changes in blood volume and extravasation (Roseth et al., 1995).
EB exhibits cytotoxicity on cultured neurons; however, this effect
becomes significant only after prolonged EB exposure (Israel et
al., 2001). EB was shown to block AMPA–kainate receptors at
concentrations approximately two orders of magnitude higher
(;10 mM IC50) than that for VGLUT3 (Schurmann et al., 1997),
whereas its modulatory action on GABA receptors was not re-
ported. Importantly, EB is an ;250 times less potent inhibitor of
VGAT than of VGLUTs (Roseth et al., 1995, 1998), indicating the
specificity of EB-mediated VGLUT inhibition. In our study, EB,
when present, was used throughout the experiment in both the
control and conditioning train period. The effects of EB on syn-
aptic transmission occurred only during the period of the condi-
tioning train. IPSP potentiation during this period was observed
with even low (500 nM) concentrations of EB in the pipette solu-
tion. We thus suggest that the EB effects that we observed were
caused by the inhibition of VGLUT3, although we cannot rule
out the possibility that the drug effects were caused by the inhi-
bition of an as yet unidentified VGLUT isoform.

Potentiation of IPSPs
Inhibition of glutamate uptake by EB or 145 mM [Cl2]i resulted
in the potentiation of IPSPs during conditioning. Although the
mechanism of IPSP potentiation remains unclear, augmentation
of GABAA receptor-channel conductance during Ca 21 increase
(Llano et al., 1991) in pyramidal cell dendrites may underlie this
effect. If we suggest that an increase in dendritic Ca 21 concentra-
tion initiates both IPSP potentiation and retrograde signaling in
parallel, then the effects that we measured reflect the balance of
these two opposing mechanisms. Therefore, we would have to
conclude that the real effect of glutamate release on synaptic ef-
ficacy is larger than that observed by direct recordings.

Conclusions
One of the main questions of this study was the origin of retro-
grade messenger(s) providing feedback control between FSN and
pyramidal cells. The results of the present and previous (Zil-
berter, 2000) reports show that (1) retrograde signaling in FSN–
pyramidal cell synapses is not mediated by endocannabinoid re-
lease, (2) retrograde signaling strongly depends on postsynaptic
[Ca 21] and is prevented by antagonists of vesicular exocytosis,
(3) VGLUT3 is located in vesicle-like structures in dendrites of
pyramidal cells, and (4) antagonists of VGLUT-mediated gluta-
mate uptake abolish retrograde signaling. These results suggest
that glutamate is a retrograde messenger at inhibitory synapses in
layer 2/3 of neocortex.

Accumulation of glutamate in storage vesicles in pyramidal
cell dendrites requires the presence of transporter, such as

Figure 9. Regulation of the efficacy of inhibitory transmission by dendritic vesicular gluta-

mate release. A, In a microcircuit of a reciprocally connected pyramidal cell and an FSN inter-

neuron, axonal action potentials in the pyramidal cell excite the interneuron (red), whereas

backpropagating dendritic action potentials (circle) reduce the inhibitory effect of the interneu-

ron (blue) via the retrograde signaling pathway. B, Backpropagating action potentials in pyra-

midal cell dendrites (1) cause an increase in dendritic Ca 21 concentration (2), inducing exocy-

tosis (5) of glutamate-containing vesicles (3). Uptake of glutamate into dendritic vesicles can be

blocked by VGLUT inhibition using Evans blue or a high intracellular Cl 2 concentration (4).

Vesicular exocytosis can be blocked by botulinum toxin D (Xu et al., 1998) or GDP-bS (Hess et al.,

1993) (6). Exocytosed glutamate activates metabotropic glutamate receptors in the axon ter-

minal (Zilberter, 2000) (7), resulting in the inhibition of voltage-dependent Ca 21 channels (8).

Consequently, a reduced Ca 21 influx induced by axonal action potentials in the FSN interneu-

ron (9) results in a decrease of the release probability of GABA-containing synaptic vesicles (10).

Finally, reduced activation of GABAA receptors in the pyramidal cell dendrite leads to suppres-

sion of IPSPs (11).
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VGLUT3, for this negative feedback regulation of synaptic effi-
cacy at synaptic contacts between FSN interneurons and pyrami-
dal cells. The axonal, VGLUT1-, or VGLUT2-mediated and den-
dritic, VGLUT3-mediated, vesicular release machineries provide
a dual role for glutamate in neuronal communication. Impor-
tantly, glutamate release from pyramidal cell dendrites follows
the classic scenario of quantal exocytosis, suggesting that
glutamate-mediated retrograde synaptic communication, in
contrast to endocannabinoid signaling (Wilson and Nicoll,
2001), affects only particular synapses in a “targeted” manner.
Recently, Trettel and Levine (2003) reported endocannabinoid-
mediated retrograde signaling at inhibitory synapses in layer 2/3
pyramidal cells. These data together with our present findings
therefore suggest that pyramidal cells may simultaneously use
functionally different mechanisms of retrograde signaling to con-
trol the efficacy of input synapses of distinct origin along their
dendritic arbor.
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5Department of Neuroscience, Scheeles väg 1:A1, Karolinska Institutet, S-17177 Stockholm, Sweden
2Research Group of Pharmacochemistry, Institute of Pharmacology and Toxicology and
3Department of Neurochemistry, Paul Flechsig Institute for Brain Research, University of Leipzig, Leipzig, Germany
4Neurobiological Research Group, United Organization of the Hungarian Academy of Sciences and Semmelweis University,

Budapest, Hungary

Keywords: activity-dependent development, differentiation, embryo, potassium channel, rat, synaptogenesis, target-specific

isolation

Abstract

GABAergic interneurons with high-frequency firing, fast-spiking (FS) cells, form synapses on perisomatic regions of principal cells in

the neocortex and hippocampus to control the excitability of cortical networks. Brain-derived neurotrophic factor (BDNF) is essential

for the differentiation of multiple interneuron subtypes and the formation of their synaptic contacts. Here, we examined whether

BDNF, alone or in conjunction with sustained KCl-induced depolarization, drives functional FS cell differentiation and the formation of

inhibitory microcircuits. Homogeneous FS cell cultures were established by target-specific isolation using the voltage-gated

potassium channel 3.1b subunit as the selection marker. Isolated FS cells expressed parvalbumin, were surrounded by perineuronal

nets, formed immature inhibitory connections and generated slow action potentials at 12 days in vitro. Brain-derived neurotrophic

factor (BDNF) promoted FS cell differentiation by increasing the somatic diameter, dendritic branching and the frequency of action

potential firing. In addition, BDNF treatment led to a significant up-regulation of synaptophysin and vesicular GABA transporter

expression, components of the synaptic machinery critical for GABA release, which was paralleled by an increase in synaptic

strength. Long-term membrane depolarization alone was detrimental to dendritic branching. However, we observed that BDNF and

KCl exerted additive effects, as reflected by the significantly accelerated maturation of synaptic contacts and high discharge

frequencies, and was required for the formation of reciprocal connections between FS cells. Our results show that BDNF, along with

membrane depolarization, is critical for FS cells to establish inhibitory circuitries during corticogenesis.

Introduction

Distinct subsets of inhibitory interneurons control the excitability of

large populations of principal cells in the neocortex (Kawaguchi &

Kubota, 1998; Holmgren et al., 2003) and hippocampus (Miles &

Wong, 1983; Buhl et al., 1996; Freund & Buzsáki, 1996; Freund,

2003) through the release of GABA. Perisomatic inhibition of

principal cells, a mechanism that controls the pattern and timing of

their synchronous action potential discharges, is regulated by ensem-

bles of basket cells (Freund, 2003; Holmgren et al., 2003). While

basket cells are neurochemically heterogeneous, a major subset of

these interneurons, fast-spiking (FS) cells, expresses the Ca2+-binding

protein parvalbumin (PV) (Kosaka et al., 1987; Härtig et al., 1999), is

surrounded by perineuronal nets (Brückner et al., 1993; Celio et al.,

1998; Kawaguchi, 2001) and exhibits high discharge frequencies

(Cauli et al., 1997; Gupta et al., 2000; Wang et al., 2002).

The early postnatal period is critical for the morphological and

neurochemical specification of GABAergic interneurons. In partic-

ular, GABAergic cells undergo substantial somatic growth coincident

with the extension of their dendritic arbors (Lang & Frotscher, 1990;

Vincent et al., 1995; Sang & Tan, 2003) and express unique

combinations of Ca2+-binding proteins and neuropeptides (Buwalda

et al., 1994; Micheva & Beaulieu, 1995; Marty et al., 1996, 1997).

The maturation of GABAergic neurons is regulated by the activity of

their postsynaptic targets (Hendry & Jones, 1986; Huang et al.,

1999) and activity blockade reduces the percentage of GABA-

immunoreactive (i.r.) interneurons and re-adjusts neuronal firing

patterns (Rutherford et al., 1997; Marty et al., 2000). In addition,

brain-derived neurotrophic factor (BDNF), synthesized (Ernfors

et al., 1990) and released by principal cells in an activity-dependent

manner (Thoenen, 1995), has been described as a key factor

regulating the development of the GABAergic phenotype and

inhibitory synaptic strength (Marty et al., 1996, 2000; Rutherford

et al., 1997; Huang et al., 1999; Jin et al., 2003; Kohara et al.,

2003). In particular, BDNF promotes dendritic branching and spine

formation (Murphy et al., 1998; Jin et al., 2003; Sang & Tan, 2003)

Correspondence: Dr Tibor Harkany, as above.

E-mail: Tibor.Harkany@mbb.ki.se

*P.B. and M.B.D. contributed equally to this work.

Received 18 May 2004, revised 16 June 2004, accepted 21 June 2004

European Journal of Neuroscience, Vol. 20, pp. 1290–1306, 2004 ª Federation of European Neuroscience Societies

doi:10.1111/j.1460-9568.2004.03561.x



and prevents the decrease of GABA-mediated inhibition during

blockade of neuronal activity in vitro (Rutherford et al., 1997, 1998).

The phase-locked rhythmic activity of a network of reciprocally

connected FS cells (Galarreta & Hestrin, 1999; Freund, 2003) is

critical for entraining principal cells in the neocortex and hippocam-

pus. In vitro studies have mainly focused on understanding the roles of

FS cells in heterogeneous cultures and, in particular, their relevance to

the maintenance of persistent oscillations (for review see Whittington

& Traub, 2003). However, no means currently exist to selectively

study the hallmarks of phenotypic FS cell differentiation: temporal

relationships of electrophysiological maturation, synapse formation

and Ca2+-binding protein expression. Here, we established highly

enriched cultures of immature FS cells using the voltage-gated

potassium channel (Kv) 3.1b subunit as a selective marker of cortical

FS cells (Gan & Kaczmarek, 1998; Chow et al., 1999; Härtig et al.,

1999) and studied their morphological and functional differentiation in

vitro. In order to assess the activity-dependent regulation of FS cell

differentiation and synapse formation by target-derived BDNF, we

exposed FS cell cultures to BDNF alone or in combination with KCl-

induced membrane depolarization (Murase et al., 2002). We then

examined their effects on the temporal dynamics of FS cell maturation

and compared our findings with previous data obtained in hetero-

geneous cultures containing various interneuron subtypes. Our data

show that a concerted action of BDNF and KCl-induced membrane

depolarization is required to significantly facilitate synaptogenesis,

electrophysiological maturation and formation of reciprocal connec-

tions among FS cells.

Materials and methods

Target-specific isolation of Kv3.1b-expressing cells

Anti-Kv3.1b antibody was generated in rabbit as described previously

(Härtig et al., 1999) and raised against amino acid residues 567–585

corresponding to the C-terminus of Kv3.1b (Weiser et al., 1995). The

specificity of the antiserum was evaluated by preincubation with the

oligopeptide or the peptide–hemocyanin conjugate used for its

generation in immunocytochemical and western analyses.

Fetal tissue was obtained from the neocortex and hippocampus of

Sprague-Dawley rat embryos on embryonic days (E) 17 ⁄ 18.

Pregnant rats were killed in 5% (v ⁄ v) isoflurane (in 70% N2O and

30% O2; flow rate 1 L ⁄min) and the embryos were removed.

Subsequently, embryos were placed in ice-cold phosphate-buffered

saline (PBS; 0.01 m, pH 7.4) containing 0.5% glucose, penicillin

(200 U ⁄mL; Invitrogen, Carlsbad, CA, USA) and streptomycin

(200 lg ⁄mL; Invitrogen). Animal experiments conformed to the

European Communities Council Directive (86 ⁄ 609 ⁄ EEC) and were

approved by Stockholms Norra Djurf}ors}oksetiska N}amnd

(N55 ⁄ 2002). Embryonic neocortices and hippocampi were rinsed

in PBS (0.01 m, pH 7.4) containing glucose, penicillin and strepto-

mycin and enzymatically dissociated [0.1% trypsin in PBS (0.01 m,

pH 7.4) containing glucose, penicillin and streptomycin] for 15 min

at 37 °C. The tissue was then triturated in Dulbecco’s modified

Eagle’s medium (DMEM; Gibco, Invitrogen) containing DNase

(0.5 mg ⁄mL; Promega, Madison, WI, USA) and 10% fetal calf

serum (FCS; Sigma, St Louis, MO, USA) and centrifuged (100 g,

10 min, room temperature) (22–24 °C). The pellet was resuspended

in DMEM supplemented with 10% FCS (DMEM ⁄ FCS), centrifuged

as above and resuspended.

To isolate Kv3.1b-expressing cells, approximately 4 · 107 super-

paramagnetic polystyrene beads covalently bound to affinity-purified

sheep anti-rabbit IgG (� 60 lL of M-280; Dynal Biotech., Oslo,

Norway) were washed in PBS containing 0.1% bovine serum albumin

(BSA) and subsequently incubated with 20 lg of rabbit anti-Kv3.1b

antibody in 1 mL PBS containing 0.1% BSA overnight at 4 °C under

continuous agitation. Anti-Kv3.1b-conjugated beads were then col-

lected with a magnetic particle concentrator (Dynal Biotech.), washed

three times in PBS containing 0.1% BSA and mixed with the

suspension of cells in DMEM ⁄ FCS. This mixture was incubated for

1.5 h at room temperature under continuous agitation. Cells bound to

the anti-Kv3.1b antibody-conjugated beads were isolated by placing

the suspension in a magnetic particle concentrator for 2–3 min.

Isolated cells were then washed in DMEM ⁄ FCS. The beads were

enzymatically detached from the cells (0.1% trypsin, 7 min at 37 °C)

and loose beads were magnetically separated (2–3 min). Isolated

cells were plated on poly-d-lysine-coated coverslips at a density of

50 000–100 000 cells ⁄well in 24-well plates and maintained in glia-

conditioned medium (see Supplementary material for details on the

effects of culture media) containing B27 supplement (2%; Invitrogen).

In control experiments, the primary antibody was either omitted or

preincubated with the fusion protein (20 lg ⁄mL, overnight) used for

its generation.

Astroglia cultures and production of conditioned medium

Astroglia cultures were established from cortices of E17 ⁄ 18 rat

embryos after enzymatic digestion of cortical samples (0.1% trypsin in

PBS ⁄ 0.5% glucose, 15 min, 37 °C). The cell suspension was plated in

75-cm2 flasks (BD Biosciences, Stockholm, Sweden) in DMEM ⁄ FCS

supplemented with glutamine (2 mm; Invitrogen), glucose (0.5%),

penicillin (200 U ⁄mL) and streptomycin (200 lg ⁄mL). After 3 days

in vitro (DIV), neurons and microglia were removed by shaking

(200 r.p.m., 12 h, 37 °C). When astrocytes reached � 80% confluen-

cy, serum-free DMEM was added for 72 h to generate glia-

conditioned medium. This was then filter sterilized and applied to

isolated neurons. Culture media were changed every third day.

In vivo labeling of cultured astrocytes

Confluent cultures of astrocytes were either mechanically re-suspen-

ded or enzymatically dissociated as described above for neurons. To

determine whether trypsin treatment leads to permeabilization of cell

membranes that allows penetration of antibodies, glial cells were

centrifuged (100 g, 10 min, 4 °C) and then resuspended in PBS

containing 0.5% glucose. Cells were plated on poly-d-lysine-coated

coverslips and exposed to rabbit anti-glial fibrillary acidic protein

antibody (Dako, Glostrup, Denmark) directly conjugated to carbocy-

anine 3 (GFAP-Cy3; 2.5 lg ⁄mL for 1.5 h). Fluorochromation was

performed according to Harkany et al. (2001). Subsequently, cells

were rinsed in PBS and their resting membrane potential was

determined 2 h after dissociation. The density of in vivo-labeled

astrocytes (GFAP-Cy3) was quantified in quadruplicates from two

independent experiments and expressed as cells ⁄mm2.

Brain-derived neurotrophic factor and KCl treatments

The Kv3.1b+ cells were exposed to BDNF (100 ng ⁄mL), KCl

(25 mm) or their combination throughout the survival periods. Control

cultures were grown without any additives. To avoid acute effects of

high BDNF concentrations on neurotransmitter release from active

synapses (Stoop & Poo, 1996), Kv3.1b+ neurons on coverslips were

washed in DMEM prior to electrophysiological recordings at 3, 6, 12

and 16 DIV.
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Reverse transcriptase-polymerase chain reaction

Target-specific isolation (TSI) of Kv3.1b+ cells was followed by

isolation of total RNA using the RNeasy extraction kit (Qiagen, Hilden,

Germany). Reverse transcriptase-polymerase chain reactions (RT-PCR)

were performed as previously described (Åkerud et al., 2002). The RT-

PCR amplification for the expression of GABAergic and non-

GABAergic markers was performed using 2 lL of cDNA (RT+) or

negative control (RT–) samples. The RT-PCR was performed and

primers for glutamic acid decarboxylase (GAD) 65 and 67 isoforms,

calretinin, PV, calbindin D-28k (CB), neuropeptide Y, cholecystokinin-

8, somatostatin and vasoactive intestinal polypeptide were used as

previously described (Cauli et al., 1997). Primers for GFAP –

sense, 5¢-CTCAAGAGGAACATCGTGGTAAAG-3¢;

antisense, 5¢-TCCTGCTTCGAGTCCTTAATGAC-3¢

– and tyrosine hydroxylase (TH) –

sense, 5¢-AGTACTTTGTGCGCTTCGAGGTG-3¢;

antisense, 5¢-CTTGGGAACCAGGGAACCTTG-3¢

– were designed using Primer Express (PE Biosystems, Foster City,

CA, USA) based on GenBank cDNA sequences. Amplicons for GFAP

and TH were 145 and 118 bp, respectively. The ribosomal 18S

housekeeping standard (Ambion, Austin, TX, USA) was used as an

internal control. Equal amounts of PCR products were run on a 2%

agarose gel to confirm the size of the amplicons. The RT-PCR was also

used to confirm PV expression of Kv3.1b+ neurons at 16 DIV. Briefly,

aspiration of culture media was followed by scraping of the cells from

the coverslips in 250 lL RNeasy extraction buffer. Subsequent RT

reactions for PV (5 lL of cDNA) were performed as described above.

Whole-cell patch-clamp recordings

Electrical signals in whole-cell configuration were recorded as previ-

ously described (Holmgren et al., 2003). Briefly, the extracellular

solution was continuously oxygenated and contained (in mm): NaCl,

125; KCl, 2.5; glucose, 25; NaHCO3, 25; NaH2PO4, 1.25; CaCl2, 2 and

MgCl2, 1. The Kv3.1b+ cells were identified using differential

interference contrast microscopy (BX51WI; Olympus, Japan) at 40 ·

primary magnification with a water-immersion objective. The pipette

solution contained (in mm): K-gluconate, 115; ATP-Mg, 4; Na-

phosphocreatine, 10; GTP, 0.3; KCl, 20 and HEPES, 10 (pH 7.3;

310 mOsm ⁄ L). Microelectrodes were pulled from borosilicate glass

(uncoated, PG165T-10; Harvard Apparatus, Edenbridge, Kent, UK)

and had a resistance of 3.5–5.0 MW. Whole-cell voltage and current-

clamp recordings were obtained at 32–35 °C using a Cornerstone PC-

One patch-clamp amplifier (Dagan Corp., Minneapolis, MN, USA).

Electrical signals were filtered at 1 kHz and digitized at 20 kHz by a

software-controlled analog–digital converter (ITC-18; InstruTech, Port

Washington, NY, USA).

Input resistance plots were constructed after incrementing current

injections in neuronal somata. In current-clamp recordings, 5 or 500 ms

stimulation with step-wise somatic current injection (10–350 pA, seven

steps) was used. To determine whether spontaneous inhibitory

postsynaptic currents (sIPSCs) in cultured cells were of GABAergic

nature we first recorded sIPSCs in the presence of 20 mm Cl– in the

pipette solution with step-wise depolarization of the recorded cell ()90

to +40 mV). At least seven sweeps (5 s each with 1-s interval) were

obtained. In addition, the GABAA receptor antagonist (+)-bicuculline

(100 nm or 1 lm; Tocris Cookson, Bristol, UK) was applied in the

extracellular solution at 12 DIV and sIPSC recordings were performed

at a )70 mV holding potential. Five sweeps were recorded in control.

The cells were then exposed to (+)-bicuculline for 5 min and voltage-

clamp recordings were repeated (four sweeps, 5 s each). Data were

analysed off-line using igor pro (version 4.0; WaveMetrics Inc., Lake

Oswego, OR, USA) with custom-written routines. The time constant of

sIPSC decay (s; expressed as ms) was determined by fitting a single

exponential equation. The spike threshold was defined as the membrane

potential at which the slope of the voltage trace increased abruptly

when charging the membrane with positive current pulses. The spike

amplitude was measured as the voltage difference between the peak of

the action potential and the action potential threshold. The half-width of

action potentials was calculated as spike duration at 50% of the spike

amplitude. The mean interval and amplitude of sIPSCs were analysed.

At 12 DIV, FS cell connectivity was studied using simultaneous

dual whole-cell current recordings as previously described (Holmgren

& Zilberter, 2001). In brief, electrical signals were recorded with

Axoclamp 2B and Axopatch 200B amplifiers (Axon Instruments,

Foster City, CA, USA), digitized at 20 kHz by an analog–digital

converter (ITC-18) and analysed off-line (igor pro). To evoke

inhibitory postsynaptic currents, stimulation was repeated every 5 s.

Immunocytochemistry

Young adult Sprague-Dawley rats (n ¼ 3) were transcardially perfused

under deep isoflurane anesthesia [4% (v ⁄ v) in 70% N2O and 30% O2]

with a fixative composed of 4% paraformaldehyde and 0.1% glutaral-

dehyde in phosphate buffer (PB, 0.1 m, pH 7.4) that was preceded by a

short prerinse with ice-cold physiological saline. Whole brains were

divided into fore- and hindbrain regions and postfixed in 4% parafor-

maldehyde in PB overnight. Tissue samples were then cryoprotected in

30% sucrose in physiological saline for 48 h and 30-lm-thick coronal

sections were cut on a cryostat microtome. For multiple immunofluo-

rescence labeling, free-floating sections were treated with 5% normal

donkey serum (Jackson ImmunoResearch, West Grove, PA, USA), 2%

BSA and 0.3% Triton X-100 in PB (0.1 m, pH 7.4) for 1 h at room

temperature. Sections were incubated with combinations of primary

antibodies, such as rabbit anti-Kv3.1b (1 : 1000), mouse anti-PV

(1 : 800; SWant, Bellinzona, Switzerland), rabbit anti-CB (1 : 1000;

SWant), rabbit anti-GABAA receptor a1 subunit (1 : 100; Alomone

Laboratories, Jerusalem, Israel) and biotinylated Wisteria floribunda

agglutinin (10 lg ⁄mL; Sigma), for 48 h at 4 °C. Primary antibodies

were visualized with combinations of Cy2-, Cy3- and Cy5-conjugated

secondary antibodies generated in donkey [1 : 200 (Jackson Immuno-

Research) in 2% BSA-containing PB, 2 h at room temperature], while

W. floribunda agglutinin binding sites were revealed by Cy2- or Cy5-

conjugated streptavidin (2 lg ⁄mL; Jackson ImmunoResearch). Finally,

sections were rinsed in PB, dipped in distilled water, mounted onto

fluorescence-free glass slides, air-dried and coverslipped with Entellan

(in toluene; Merck, Darmstadt, Germany).

Neuronal cultures were fixed with 4% paraformaldehyde in PB for

15 min and permeabilized with Triton X-100 (0.25% in PB) for

15 min. Next, blocking was achieved by 10% normal donkey serum

and 5% BSA in PB for 30 min at room temperature. Subsequently,

cultures were exposed to mixtures of primary antibodies [mouse anti-

b-III-tubulin (1 : 1000; Promega), rabbit anti-GFAP (1 : 800; Dako),

mouse anti-neuron-specific nuclear protein (NeuN; 1 : 200; Chem-

icon), rabbit anti-Kv3.1b (1: 2000), mouse anti-PV (1 : 1000; SWant),

mouse anti-CB (1 : 1000; SWant), rabbit anti-CB (1 : 800; SWant),

mouse anti-GAD65 ⁄ 67 (10 lg ⁄mL; Stressgen Biotech, Victoria,

Canada), rabbit anti-calretinin (1 : 1000; SWant), mouse anti-myelin

basic protein (1 : 2000; Chemicon), goat anti-choline acetyltransferase

(1 : 400; Chemicon), rabbit anti-TH (1 : 600; Chemicon), rabbit anti-

vesicular GABA transporter (VGAT; 1 : 1000; Synaptic Systems,

Göttingen, Germany), rabbit anti-vesicular glutamate transporter 1
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(1 : 2000; Synaptic Systems) and rabbit anti-vesicular glutamate

transporter 2 (1 : 2000; Synaptic Systems)] overnight. Biotinylated

W. floribunda agglutinin was applied at a concentration of 5 lg ⁄mL

and lectin-binding sites were visualized with Cy2-tagged streptavidin

(0.5 lg ⁄mL; Jackson ImmunoResearch). All specimens were count-

erstained with Hoechst 33,342 (Sigma). Immunoreactivities were

revealed using combinations of Cy2-, Cy3- and Cy5-tagged secondary

antibodies raised in donkey (1 : 400 in 2% BSA-PB; Jackson

ImmunoResearch). Samples were mounted using glycerol ⁄ gelatin

mounting medium (Sigma).

Quantification and image analysis

The number of Kv3.1b-, b-III-tubulin-, NeuN-, GFAP- or CB-i.r. cells

was determined in at least three independent experiments at 1 or 6 DIV.

Cell counts were performed at 63 · primary magnification on an

Axioplan 2 microscope (Zeiss) equipped with appropriate filter sets for

analysing Cy2- (filter no. 09) or Cy3-stained (filter no. 15) specimens

and expressed as the percentage of nuclei stained with Hoechst 33,342

in the same sampling field. Subsequently, selected specimens were

examined with a confocal laser-scanning microscope (LSM 510; Zeiss)

equipped with an argon laser (488 nm) for the excitation of Cy2 and

two helium–neon lasers (543 nm for Cy3 and differential interference

contrast, and 633 nm for Cy5). A band-pass filter (550–530 nm) cut out

red fluorescence in the green spectrum in sections double labeled with

Cy2 and Cy3. Furthermore, a long-pass filter for Cy5 (650 nm) was

used. For triple-labeling immunohistochemistry, Cy5-labeled structures

were color coded in blue. Images showing Kv3.1b and VGAT

immunoreactivities after BDNF, KCl or combined treatments at

6 DIV (Fig. 5C–F¢) were captured with identical pinhole (75 lm),

intensity and threshold settings.

The largest somatic diameter of Kv3.1b+ interneurons was

measured after reconstruction of the cells (n > 35 per group at each

survival time) along the z-axis that was carried out by capturing

consecutive images with a 60-lm pinhole at 63 · primary magni-

fication using an LSM510 microscope (Zeiss) (Fig. 5A). Projection

images were assembled using LSM Viewer (Zeiss) shareware

software (version 3.0, http://www.zeiss.de). Skeletonized images of

neuronal assemblies (Fig. 5G and I) were prepared after staining our

specimen (50 000 cells ⁄well) with 1,1¢-dioctadecyl-3,3,3¢,3¢-tetra-

methylindocarbocyanine perchlorate (0.5% in PB for 30 min;

Molecular Probes). After rinsing, samples were mounted in gly-

cerol ⁄ gelatin (Sigma) and images were taken using confocal laser-

scanning microscopy (510; Zeiss). We assessed the effects of BDNF

and KCl, alone or in combination, on dendrite development at 6 DIV

using NeuronJ (http://www.imagescience.org/meijering/software/neu-

ronj/; Meijering et al., 2004) and determined: (i) the total length of

all dendrites; (ii) the extent of dendritic branching and (iii) the

average dendrite lengths in at least 20 neurons ⁄ condition. Images

were processed using Paint Shop Pro (version 8.0; Jasc Inc., Eden

Prairie, MN, USA) and panels were assembled in Adobe Photoshop

(version 7.0; Adobe Inc., San José, CA, USA).

Western blotting

The Kv3.1b-positive interneurons, cultured at a density of

100 000 cells ⁄well, were lysed using a modified radioimmunoprecip-

itation buffer containing (final concentrations): 50 mm Tris-HCl

(pH 7.4), 1% Triton X-100, 0.25% Na-deoxycholate, 150 mm NaCl,

1 mm EDTA, 1 mm NaF, 1 mm Na3VO4 and a cocktail of protease

inhibitors (Complete, EDTA-free; Roche, Mannheim, Germany).

Whole cell lysates were denatured in Laemmli buffer. Protein samples

(10 lL) were analysed by polyacrylamide gel electrophoresis (4%

stacking and 10% resolving gels) and transferred onto polyvinylidene

difluoride membrane (Hybond-P; Amersham Biosciences, Uppsala,

Sweden) using Towbin’s buffer. Membranes were blocked in 3% non-

fat dry milk in Tris-HCl buffer (50 mm, pH 7.4) containing 0.1%

Tween-20 for 1 h and exposed to primary antibodies [mouse anti-

VGAT (1 : 4000), rabbit anti-synaptophysin (1 : 1000; Synaptic

Systems), mouse anti-GAD65 ⁄ 67 (1 : 10 000; Chemicon) and mouse

anti-b-III-tubulin (1 : 3000; Promega)] in 2.5% BSA-containing Tris-

HCl buffer containing 0.1% Tween-20 overnight at 4 °C. To control

the loading efficacy, stripped membranes were re-incubated using a

mouse anti-NeuN antibody (1 : 500; Chemicon). After extensive

washing in Tris-HCl buffer containing 0.1% Tween-20, the mem-

branes were exposed to goat anti-rabbit or goat anti-mouse antibody

coupled to alkaline phosphatase (1 : 10 000; Amersham Biosciences)

in Tris-HCl buffer containing 0.1% Tween-20 for 2 h. Bands were

visualized using the enhanced chemifluorescence method according to

the manufacturer’s instructions (Amersham Biosciences). All experi-

ments were performed in triplicate. Images were acquired on a Storm

840 fluorimager (Molecular Dynamics ⁄Amersham Biosciences) while

integrated optical densities were determined using ImageJ 1.31v

software (http://rsb.info.nih.gov/ij/).

Statistical analysis

Data on cell counts, somatic diameters, dendritic branching, various

electrophysiological parameters and integrated optical densities were

analysed using one-way anova with Bonferroni’s or Tukey’s posthoc

tests where appropriate (SPSS for Windows, version 11.0; SPSS Inc.,

Chicago, IL, USA). Effects of BDNF and KCl treatments were

statistically evaluated using univariate anova (general linear model

design) with appropriate pair-wise comparisons. The particular param-

eter analysed at different in vitro time points was assigned as the ‘within-

subjects’ factor, while BDNF and KCl served as ‘between-subjects’

factors (SPSS for Windows). Data were expressed as means ± SEM.

Results

Target-specific isolation of Kv3.1b+ cells: targeting

the intracellular C-terminus of the Kv3.1b subunit in living

neurons

In order to isolate FS interneurons, we searched for unique cell-surface

marker(s) of this cell population. The 3.1 subfamily of Kv channels is

required for sustained high-frequency firing in FS cells (Gan &

Kaczmarek, 1998; Chow et al., 1999; Lien & Jonas, 2003). Two splice

variants of Kv3.1 (Luneau et al., 1991), Kv3.1a and Kv3.1b, were

shown to be restricted to FS cells in the neocortex and hippocampus

(Rudy et al., 1992; Weiser et al., 1995; Kawaguchi & Kondo, 2002;

Ozaita et al., 2002; Devaux et al., 2003). Expression of Kv3.1 variants

during CNS development coincides with synaptogenesis.While Kv3.1b

transcripts are predominantly found in embryonic and early postnatal

neurons, Kv3.1amRNA is first detected onE17 and represents themajor

splice variant in the adult (Du et al., 1996; Perney et al., 1992).

The restricted presence of Kv3.1b mRNA in neocortical and

hippocampal interneurons on E17 (Perney et al., 1992) prompted us to

establish a TSI protocol based on selectively separating Kv3.1b+ cells

at E17 ⁄ 18 with an anti-Kv3.1b antibody bound to sheep anti-rabbit

IgG-coated superparamagnetic beads from enzymatically digested

suspensions of embryonic cortical tissues (Fig. 1A). This procedure
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yielded 346 200 ± 76 840 cells ⁄ embryo (F2,9 ¼ 5.724, P ¼ 0.034),

while preadsorption of the anti-Kv3.1b antibody with the correspond-

ing fusion protein and exposure of the cell suspension to unconjugated

beads resulted in 37 500 ± 7200 cells ⁄ embryo (P ¼ 0.046) and

115 000 ± 48 500 cells ⁄ embryo, respectively. The RT-PCR analysis

confirmed the presence of mRNA transcripts characteristic of
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GABAergic interneurons (i.e. GAD65, CB, calretinin, neuropeptide Y,

cholecystokinin-8 and somatostatin), whereas TH and GFAP, markers

of catecholaminergic neurons and astrocytes, respectively, were not

detected (Fig. 1B). Isolated neurons lacked PV mRNA transcripts

which have been attributed to the exclusive postnatal expression of

this Ca2+-binding protein (Seto-Ohshima et al., 1990; Buwalda et al.,

1994). In order to validate the specificity of TSI for Kv3.1b+ neurons,

we compared the percentage of Kv3.1b+ and NeuN-, b-III-tubulin- or

GFAP-i.r. cells at 1 DIV following cell isolation with the antibody

conjugate, with or without fusion protein preadsorption, or unconju-

gated beads (Fig. 1C). Quantitative analysis revealed significant

differences in the percentage of Kv3.1b+ (F3,17 ¼ 48.410,

P < 0.001) and NeuN-i.r. neurons (F3,38 ¼ 3.444, P ¼ 0.027;

Fig. 1C). In particular, the percentage of neurons in cultures isolated

by targeting Kv3.1b significantly exceeded that of all other conditions

(P < 0.001). Moreover, a higher percentage of NeuN-i.r. cells was

seen in Kv3.1b-isolated cultures compared with exposure to uncon-

jugated beads (P ¼ 0.021). Considering the purity of our cultures

(Fig. 1C and D) we concluded that we established a protocol to

generate highly enriched cultures of neurons with Kv3.1b expression.

Alternative splicing of the Kv3.1 gene gives rise to two distinct

transcripts, Kv3.1a and Kv3.1b (Luneau et al., 1991). The coding

regions of these transcripts are identical up to amino acid 501 while

the last 10 amino acids of Kv3.1a are replaced with another 84 amino

acids in Kv3.1b (Luneau et al., 1991). Antibodies recognizing

epitopes in the C-terminus of Kv3.1b are necessary for selective

targeting of Kv3.1b-expressing neurons. Therefore, we used an

antibody that was generated against the sequence containing the last

19 amino acids of the Kv3.1b protein (residues 567–585) to achieve

selective recognition of putative FS cells. Although the membrane of

living cells is generally considered an impermeable barrier for the

penetration of antibodies, Galoppin & Saurat (1981) demonstrated that

living keratinocytes can be labeled by anti-ribonucleoprotein anti-

bodies after short trypsin treatment (< 45 min). To substantiate these

data we determined the geometry optimized architecture of the Kv3.1b

protein at the atomic resolution level with particular emphasis on the

spherical position of its C-terminus (see Supplementary material for

details). In addition, we tested whether antibodies recognizing

intracellular protein epitopes can penetrate living astrocytes after

exposure to trypsin. Our data showed that the Kv3.1b glycoprotein is

globular and amino acid residues of the C-terminal sequence are

largely exposed in the vicinity of the plasma membrane (see

Supplementary material for details). To test the hypothesis of antibody

penetration in living cells further, we exposed cultured astrocytes to

trypsin for 15 min in a manner identical to that used during TSI.

Whole-cell patch-clamp experiments revealed the lack of resting

membrane potential 2 h after trypsin treatment, whereas astroglial

cells after mechanical dissociation exhibited a mean resting membrane

potential of )34.20 ± 9.69 mV (Fig. 1E). Differential interference

contrast microscopy revealed multiple membrane inclusions on glial

surfaces as a result of trypsin treatment that were accompanied by a

decreased surface of lamellipodia of attaching astrocytes compared

with controls (Fig. 1F). Trypsin-treated astrocytes showed signifi-

cantly slower attachment to poly-d-lysine-coated surfaces than

controls (F1,6 ¼ 37.492; P ¼ 0.026; Fig. 1G). In order to determine

whether partial destruction of the glial plasma membrane can allow

penetration of antibodies recognizing antigens with exclusive local-

ization in the cytosol, we exposed trypsin-treated astrocytes to GFAP-

Cy3 which accumulated intracellularly after trypsin treatment

(Fig. 1H) but was not detected under control conditions (data not

shown). We therefore concluded that the intracellular C-terminus of

the Kv3.1b protein can become accessible to antibodies following

enzymatic dissociation of embryonic neural tissues. The lack of

antibody-conjugated superparamagnetic beads in isolated neurons

suggests that the antibody used for TSI only partially penetrates the

target cells.

Intrinsic discharge properties of Kv3.1b+ neurons and formation

of inhibitory synapses

In order to study the temporal dynamics of electrical maturation in

isolated Kv3.1b+ neurons, we performed whole-cell recordings in the

current-clamp mode and determined the passive membrane charac-

teristics of Kv3.1b+ neurons at different time points (3, 6, 12 and

16 DIV). Kv3.1b+ neurons exhibited a negative membrane potential

as early as 3 DIV (Fig. 2A). The input resistance decreased with time

in culture (Fig. 2B). Next, we examined the discharge behavior of

Kv3.1b+ neurons. During current injection, cells recorded at 3 DIV

generated single, broad action potentials (Fig. 2C and G) with low

threshold (Fig. 2D) and small amplitude (Fig. 2E). At later time

points (6, 12 and 16 DIV), Kv3.1b+ neurons exhibited action

potentials with decreasing half-widths (Fig. 2C), the action potential

threshold becoming more hyperpolarized (Fig. 2D) and the amplitude

increasing (Fig. 2E). Furthermore, Kv3.1b+ neurons at 12 and

16 DIV displayed repetitive firing (Fig. 2F and G), which was

observed less frequently at earlier time points. In vitro development

of the intrinsic firing properties and action potential parameters in

Kv3.1b+ neurons resembled those reported for immature stem cell-

derived interneurons integrating into the hippocampal circuitry

(Benninger et al., 2003).

Fig. 1. Isolation and characterization of neurons from the rat embryonic neocortex and hippocampus by targeting voltage-gated potassium channel (Kv) 3.1b
subunit and antibody penetration through partially destructed plasma membranes of live astrocytes. (A) Isolation of cells was achieved using antibodies against
Kv3.1b conjugated to superparamagnetic beads, followed by target-specific isolation (TSI) of cells bound to immobilized antibodies. s, Target cell; �, other cell
types; �–<, anti-Kv3.1b antibody bound to superparamagnetic bead-conjugated secondary antibody; vertical hatched bars indicate magnetic particle concentrator.
(B) Isolated cells expressed multiple GABAergic markers, as shown by reverse transcriptase-polymerase chain reaction. Note the absence of parvalbumin (PV)
RNA transcripts. 18S, ribosomal housekeeping standard; CB, calbindin D-28k; CCK, cholecystokinin-8; CR, calretinin; GAD, glutamic acid decarboxylase; GFAP,
glial fibrillary acidic protein; NPY, neuropeptide Y; SOM, somatostatin; TH, tyrosine hydroxylase; VIP, vasoactive intestinal polypeptide. (C) Quantitative im-
munocytochemistry at 1 day in vitro (DIV) revealed that TSI resulted in a highly enriched neuronal population immunoreactive for Kv3.1b compared with the
remnant cell suspension, purification by unconjugated magnetic beads (beads only) and when Kv3.1b antibody was precipitated by fusion protein (Kv3.1b-FP).
Experiments were performed in quadruplicate. Data represent means ± SEM. The percentage of Kv3.1b+ cells after TSI was significantly different from all other
groups examined (*P < 0.05). NeuN, neuron-specific nuclear protein. (D) Representative images showing the percentage of Kv3.1b+ cells at the various conditions
at 1 DIV. Arrows point to Kv3.1b+ cells and arrowheads denote their processes. Scale bar, 25 lm. (E) Resting membrane potential of astrocytes when treated with
trypsin for 15 min (trypsin+). Control cells were dissociated mechanically (trypsin–). (F) Differential interference contrast (DIC) microscopy images of trypsin-
treated (trypsin+) and control (trypsin–) astrocytes during whole-cell patch-clamp recordings. Note the presence of multiple membrane inclusions (arrows) after
trypsin treatment. Arrowheads point to the distal edge of lamellipodia that apparently became reduced after trypsin treatment. (G) Trypsin-treated astrocytes
(trypsin+) show reduced ability to attach to poly-d-lysine-coated surfaces. Data were statistically evaluated using anova and were expressed as means ± SEM.
(H) Trypsin-treated astrocytes become permeable for GFAP-carbocyanine (Cy) 3 antibody. Cells were exposed to GFAP-Cy3 for 2 h in suspension. No labeling
was found in cells without trypsin treatment (data not shown). Scale bars, 12 lm (F), 15 lm (H).
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A prerequisite for the communication of Kv3.1b+ neurons is the

formation of inhibitory synaptic contacts. We therefore examined

whether the electrical maturation of isolated Kv3.1b+ neurons is

associated with the presence of functional GABAergic synapses. To

determine the inhibitory nature of Kv3.1b+ neurons, we recorded

spontaneous synaptic currents in control and in the presence of

bicuculline (100 nm)1 lm; Fig. 3A) at 12–16 DIV. Spontaneous

currents were completely blocked by bicuculline in all of the cases

(n ¼ 5) indicating that these currents were mediated by postsynaptic

GABAA receptors. sIPSCs displayed a slow time course (40–180 ms;

decay time constant at 16 DIV, s¼ 42.80 ± 7.79 ms). The reversal

potential of GABAA receptor-mediated currents was approximately

)48 mV (Fig. 3B), corresponding to the calculated Cl– reversal

potential in our recording conditions (n ¼ 7). Spontaneous excitatory

postsynaptic currents were not observed in our cultures.

The exclusive presence of sIPSCs allowed us to analyse the

presence of GABAA receptor-mediated synaptic transmission on

individual Kv3.1b+ GABAergic interneurons at different time points

in vitro. Whereas synaptic events were very rare (± 1–3 event ⁄ sweep)

and of small amplitude (< 20 pA) at 3 and 6 DIV, a dramatic increase

in the sIPSC frequency was observed after 12 DIV (Fig. 3C and E).

Due to their similar decay time constant (s) with mature sIPSCs

(6 DIV, 41.50 ± 15.84 and 16 DIV, 42.80 ± 7.79 ms), we considered

the early, small synaptic events as sIPSCs, suggesting the presence of

immature synaptic contacts (Fig. 3D). An increase in the mean sIPSC

amplitude paralleled the survival time of GABAergic interneurons

(Fig. 3C and E). Correlating the intrinsic discharge behavior of

Kv3.1b+ interneurons with their synaptic input revealed that a subset

of cells analysed at early stages was able to generate single action

potentials without exhibiting spontaneous synaptic activity, while

neurons displaying synaptic activity invariably fired action potentials.

Isolated Kv3.1b+ interneurons acquire multiple morphological

characteristics of fast-spiking cells

Fast-spiking cells in the adult cortex are characterized by their

immunoreactivities for Kv3.1b and PV, occasionally contain CB and

GABAA receptor a1 subunits and are frequently surrounded by

perineuronal nets (Fig. 4A–D; Härtig et al. 1999; Kawaguchi &

Kondo, 2002). To reveal whether isolated Kv3.1b+ GABAergic

interneurons acquire morphological characteristics of FS cells in vitro

we performed multiple immunofluorescence labeling at 6 DIV.

Isolated neurons were i.r. for Kv3.1b (89.6%; Fig. 4E), often

surrounded by perineuronal nets (15.6%; Fig. 4E) and contained CB

(9.0%; Fig. 4F). Kv3.1b colocalized with GAD65 ⁄ 67 (Fig. 4E and

G) and isolated neurons were also VGAT i.r. (Fig. 4H and H¢).

While isolated neurons appeared faintly VGAT i.r., the punctate

distribution of strong VGAT immunoreactivity associated with

varicosity-like specializations in neuronal processes (Fig. 4H¢)

suggested the formation of synaptic specializations. Calretinin-i.r.

cells were scarcely present and PV immunoreactivity was not

detected. To demonstrate the specificity of our TSI protocol, cultures

were screened for various non-GABAergic neuronal and glial

markers. Immunoreactivities for selected cytochemical markers of

cholinergic (choline-acetyltransferase), catecholaminergic (TH) and

glutamatergic (vesicular glutamate transporters 1 and 2) neurons and

for myelin basic protein (oligodendrocyte marker) were absent in all

cultures investigated. However, GFAP-i.r. astrocytes were visualized

and glial processes appeared to direct the growth of GABAergic

axons (data not shown). Our immunocytochemical data indicated

that isolated Kv3.1b+ neurons, albeit lacking PV immunoreactivity,

exhibited multiple morphological characteristics of adult FS cells

in vitro.

Brain-derived neurotrophic factor-induced dendrite development

correlates with synaptogenesis

While Kv3.1b+ GABAergic interneurons in culture exhibited multiple

morphological and functional hallmarks of adult FS cells, they lacked

PV expression before 6 DIV and exhibited a moderate mean discharge

frequency (25 ± 18 Hz; n ¼ 9), with only a single cell exhibiting

> 100 Hz firing rate (Table 1), at 16 DIV. These deficiencies prompted

us to study whether factors critical for interneuron differentiation and

synapse formation, in particular BDNF (Marty et al., 1996, 1997) and

Fig. 2. Resting membrane potential and intrinsic discharge properties ob-
served in cultured voltage-gated potassium channel 3.1b subunit-positive cells.
(A) Resting membrane potentials at various time points in culture. (B) Grad-
ual decrease of input resistance as a factor of survival time. *P < 0.05 vs. 3 or
6 days in vitro (DIV) (Bonferroni posthoc test). (C–F) Development of action
potential (AP) parameters with time in culture. (C) AP half-width was
measured at the half-maximal amplitude. (D) AP threshold was defined as
the voltage at which the slope of the voltage trace changed abruptly. *P < 0.05
vs. 3 or 6 DIV. (E) AP amplitude was measured from the beginning of the fast
upstroke to the peak amplitude. (F) Discharge frequency was evaluated during
a 500-ms current injection inducing identical passive membrane depolarization
in all cells. *P < 0.05 vs. all other groups examined. n ¼ 8–15 cells ⁄ time
point. Data were expressed as means ± SEM. (G) Representative current-
clamp recordings during brief (5 ms) and prolonged (500 ms) current injections
at different time points. Top traces represent voltage recordings while bottom
traces indicate current injections. Note the progressive development of AP
waveform and repetitive discharge properties over time in culture.
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KCl-induced membrane depolarization (Tongiorgi et al., 1997; Mu-

rase et al., 2002), enhance FS cell maturation and the development of

inhibitory synapses in vitro. Although numerous reports have

described BDNF as a key signal for interneuron development (see,

e.g. Altar et al., 1997; Marty et al., 1996, 1997, 2000; Rutherford

et al., 1997, 1998; Huang et al., 1999; Rickman, 1999; Jin et al.,

2003; Kohara et al., 2003; Walde & Poo, 2003), the temporal

dynamics of BDNF-induced differentiation of specific interneuron

subtypes remain poorly understood. In addition, it is not known

whether BDNF is a prerequisite for the establishment of FS cell

networks connected by either chemical or electrical synapses

(Galarreta & Hestrin, 1999; Freund, 2003).

We confirmed that BDNF promoted the somatic growth (Marty

et al., 1996) of Kv3.1b+ cells (Fig. 5A). The maximal effect of BDNF

on somatic diameters was observed as early as 6 DIV

(F3,148 ¼ 13.812, P < 0.001; P < 0.001 vs. all other groups). KCl

treatment alone did not affect the size of Kv3.1b+ neuronal perikarya.

However, a synergistic effect of BDNF and KCl on the diameter of

Kv3.1b+ interneuron somata was apparent at 16 DIV (F3,52 ¼ 5.984,

P ¼ 0.001).

Fig. 3. Development of inhibitory GABAergic synaptic input onto voltage-gated potassium channel 3.1b subunit-positive neurons in culture. (A) Spontaneous
inhibitory postsynaptic currents (sIPSCs) were completely blocked after bath application of 100 nm bicuculline. Open square in control corresponds with the inset.
(B) Determination of the reversal potential. sIPSCs were isolated and the reversal potential was determined. The cell membrane was clamped at the potentials
indicated on the left with 20 mm Cl– in the pipette solution. The reversal potential was approximately )40 mV, characteristic of GABA. Note the lack of spontaneous
excitatory synaptic currents. Each sweep lasted for 5 s. (C) Representative examples of spontaneous synaptic activity at different times in vitro (indicated on the
left). Note that sIPSCs were infrequent at 3 and 6 days in vitro (DIV). In contrast, the frequency and amplitude of sIPSCs increased dramatically from 12 DIV
onwards. Open squares correspond to sIPSCs shown in D. (D) Comparison of the time constant of sIPSC decay [s (ms)] at 6 and 16 DIV confirmed that early
minute events were of synaptic nature. (E) Amplitude and interval of sIPSCs at 12 and 16 DIV. **P < 0.01, *P < 0.05 vs. 3 and 6 DIV. sIPSCs were infrequent
(£ 1 event ⁄ 5 s) at 3 and 6 DIV. Therefore, corresponding data were not plotted. Data were expressed as means ± SEM.
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To establish whether Kv3.1b+ interneurons expand their dendritic

arbors in response to BDNF exposure, we reconstructed

1,1¢-dioctadecyl-3,3,3¢,3¢-tetramethylindocarbocyanine perchlorate-

stained Kv3.1b+ cells after 6 DIV (Fig. 5G) and 12 DIV (Fig. 5I).

At 6 DIV, Kv3.1b+ interneurons in control conditions exhibited

bipolar morphology with a few thin dendrites (Fig. 5G and H).

Quantitative analysis revealed that exposure to KCl or BDNF induced

dendrite extension, as reflected by the total length (KCl, F ¼ 25.971,

P < 0.001; BDNF, F ¼ 24.684, P < 0.001) and number of dendrites

(KCl, F ¼ 16.567, P < 0.001; BDNF, F ¼ 38.450, P < 0.001;

Fig. 5H). Combined treatment with KCl and BDNF was superior in

promoting dendritic branching relative to all other conditions and

Kv3.1b+ neurons appeared as multipolar cells with thick dendrites

(Fig. 5G and H). At 12 DIV, multipolar Kv3.1b+ interneurons with

premature dendrites were observed under control conditions (Fig. 5I).

Sustained KCl treatment was detrimental for Kv3.1b+ cells, as

indicated by the marked shrinkage of their dendritic arbors. In

contrast, beneficial effects of BDNF, alone and in combination with

KCl, were apparent after visualizing a dense network of thick

dendrites with brush-like branching and axons (Fig. 5I).

As the density of neuronal processes did not permit accurate

quantitative analyses of dendrite development at late time-points, we

Fig. 4. Voltage-gated potassium channel (Kv) 3.1b subunit in the adult neocortex (A and B) and hippocampus (C and D) is localized in subsets of fast-spiking (FS)
cells. Arrow in (A) denotes a parvalbumin (PV)-positive neuron with Kv3.1b immunoreactivity, while arrowhead points to a Kv3.1b-negative neuron.
(C) Note that FS cells are surrounded by perineuronal nets, as indicated byWisteria floribunda agglutinin (WFA) labeling (arrows). (D) A subset of these cells was
also characterized by expression of GABAA receptor a1 subunit (a1). (E–H¢) Kv3.1b+ neurons in glia-conditioned medium at 6 days in vitro expressing various
markers of FS cells, such as Kv3.1b, glutamic acid decarboxylase (GAD) 65 ⁄ 67, perineuronal nets (WFA), calbindin D-28k (CB) and vesicular GABA transporter
(VGAT). (H) While strong VGAT immunoreactivity was found in axon terminals, a moderate VGAT signal appeared in the perisomatic region of Kv3.1b+ cells.
(H¢) VGAT immunocytochemistry and differential interference contrast microscopy revealed VGAT immunoreactivity within bouton-like specializations. Scale bars,
60 lm (A), 24 lm (B, D and G), 80 lm (C), 120 lm (E), 40 lm (F), 15 lm (H), 3 lm (H¢).

Fig. 5. Additive effects of brain-derived neurotrophic factor (BDNF) and KCl on somatic growth and dendrite development of isolated voltage-gated potassium
channel 3.1b subunit-positive (Kv3.1b+) cells. (A) Orthogonal view of a Kv3.1b+ interneuron assembly at 6 days in vitro (DIV). Arrow points to a sampled neuron,
whose side view along the x- and y-axes is indicated by arrowheads. (B) Morphological maturation of Kv3.1b+ cells, as indicated by the increase in their somatic
diameter, is accelerated by BDNF and combined treatment at 6 and 16 DIV, respectively. ***P < 0.001 BDNF vs. all other groups examined at 6 DIV; **P < 0.01
BDNF + KCl vs. control or KCl; *P ¼ 0.022 BDNF + KCl vs. BDNF (Bonferroni posthoc test). (C–F¢) Kv3.1b and vesicular GABA transporter (VGAT)
immunoreactivities of fast-spiking (FS) cells at 6 DIV. All images were captured with identical laser-scanning microscopy settings. Note the intense Kv3.1b
immunoreactivity after KCl-induced sustained depolarization and the presence of a dense VGAT-immunoreactive fiber network after combined treatment. Open
square in F denotes the location of F¢. (F¢) VGAT immunoreactivity was localized to presumed synapses in axons of Kv3.1b+ FS cells. (G) Representative cell
assemblies at 6 DIV. FS cells under control conditions exhibited bipolar morphology with a thin network of processes. KCl treatment led to short dendrites with few
branching points. Significant extension of the dendritic trees in conjunction with an increase of the somatic diameter was observed following BDNF treatment.
Similarly, combined treatment led to dendrite expansion with a dense network of thick processes. (H) Quantitative analysis of KCl and ⁄ or BDNF-induced dendrite
development. *Significant differences (P < 0.05) when performing pairwise comparisons. Experiments were performed in quadruplicate. Data represent means
± SEM. (I) Representative images of cell assemblies were captured at 16 DIV. Note the detrimental effects of prolonged KCl treatment. (J) Western blot analyses
of b-III-tubulin expression by differentiating Kv3.1b+ neurons. Neuron-specific nuclear protein (NeuN), a pan-neuronal marker, was used to normalize b-III-tubulin
levels. Note that expression of distinct NeuN isoforms was developmentally regulated; a single isoform was present at 6 DIV, while four isoforms, identical to those
detected in the adult (McPhail et al., 2004), were seen at 12 and 16 DIV. As identical numbers of cells were seeded in each sample, significant differences in the total
integrated optical density (iOD) values for NeuN were not found. *P < 0.05 vs. all other groups examined. Data represent means ± SEM. Three independent
experiments were performed. Scale bars, 50 lm (A–D and G), 25 lm (E), 8 lm (F¢).
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determined the concentrations of b-III-tubulin, a tubulin isotype

expressed at high levels in FS cell dendrites (De Haas Ratzliff &

Soltesz, 2000), by Western blotting. High b-III-tubulin expression is

associated with the integration of immature neurons in brain

microcircuits (Kempermann et al., 2003). Therefore, we also used

this marker to monitor the maturation of Kv3.1b+ neurons. Although

neither KCl nor BDNF alone affected b-III-tubulin concentrations,

exposure of Kv3.1b+ cells to KCl in combination with BDNF

significantly increased b-III-tubulin expression at 6 DIV (P < 0.05

vs. all other groups examined; Fig. 5J). However, b-III-tubulin levels

fell markedly below control concentrations following BDNF treat-

ment alone or in combination with KCl at 12 DIV. While b-III-

tubulin expression appeared unchanged under control conditions

between 6 DIV (1.22-fold) and 12 DIV (1.25-fold), it declined at

16 DIV (0.56-fold). We concluded that combined KCl and BDNF

treatments are required for the extension of the dendritic arbors of

Kv3.1b+ cells and reduced b-III-tubulin levels after BDNF or

combined treatment at 12 DIV reflected accelerated maturation of

Kv3.1b+ neurons.

Synapse maturation paralleled dendrite development in Kv3.1b+

neurons. The levels of synaptophysin, a membrane glycoprotein of

synaptic vesicles in nerve terminals, and VGAT, shuttling GABA into

synaptic vesicles, gradually increased over time in culture (Fig. 6A

and B). BDNF alone increased the expression of both markers.

However, KCl only increased synaptophysin and VGAT levels in

combination with BDNF. Notably, the concentration of the GABA-

synthesizing enzyme, GAD, remained largely unchanged during

6–16 DIV (Fig. 6C). The early presence of VGAT and GAD, but not

synaptophysin, suggests that Kv3.1b+ interneurons harbor the poten-

tial for GABA synthesis and accumulation into synaptic vesicles prior

to the establishment of functional synapses. In contrast, BDNF

exposure is predominantly required for promoting the expression of

various components of the vesicle-docking machinery in Kv3.1b+

terminals.

Concerted action of brain-derived neurotrophic factor

and KCl is required for functional differentiation of isolated

fast-spiking cells

Whole-cell current- and voltage-clamp recordings were performed to

address whether BDNF and ⁄ or KCl facilitate the maturation of

intrinsic discharge properties and establishment of inhibitory synaptic

contacts of Kv3.1b+ neurons. Current-clamp recordings revealed

increasing resting membrane potentials of Kv3.1b+ neurons as a

factor of survival time (F ¼ 3.972, P ¼ 0.012), with a significant

effect of KCl (F ¼ 4.299, P ¼ 0.009; Table 1) on membrane

potential development. The effects of KCl-induced membrane

depolarization were most pronounced at 3 DIV (P ¼ 0.018). Irres-

pective of the presence of BDNF or KCl, the input resistance

decreased over time in vitro. Functional differentiation of Kv3.1b+

neurons was reflected by an increasing action potential amplitude

(F ¼ 10.101, P ¼ 0.001), a decreasing action potential half-width

(F ¼ 4.656, P ¼ 0.017) and the action potential threshold becoming

more hyperpolarized. A significant correlation of KCl treatment

with the maturation of various action potential parameters was

Table 1. Effects of brain-derived neurotrophic factor (BDNF) and KCl, alone or in combination, on the development of intrinsic discharge behavior and inhibitory

synapses of voltage-gated potassium channel 3.1b subunit-positive neurons in vitro

Resting
membrane
potential
(mV)

Input
resistance
(MW)

Action
potential
amplitude
(mV)

Action
potential
half-width
(ms)

Action
potential
threshold
(mV)

Discharge
frequency
(Hz)

sIPSC
amplitude
(pA)

sIPSC
interval
(ms)

3DIV
Control )57.25 ± 7.18 342.25 ± 114.39 7.80 ± 4.61 12.78 ± 7.20 )5.75 ± 16.25 0 ± 0 (£1) N.A. N.A.
KCl )29.17 ± 6.8*,  193.74 ± 66.81 0.00 ± 0.00 N.A. N.A. 2 ± 0 (£1) N.A. N.A.
BDNF )55.50 ± 4.96 184.28 ± 36.65 4.49 ± 3.65 3.42 ± 0.11 )16.33 ± 2.91 0 ± 0 (£1) N.A. N.A.
KCl + BDNF )49.29 ± 7.75 128.86 ± 54.46 2.44 ± 2.44 9.54 ± 1.36 )24.56 ± 2.86 0 ± 0 (0) N.A. N.A.

6DIV
Control )43.83 ± 3.82 199.3 ± 18.29 24.00 ± 7.75§,** 5.12 ± 2.33 )13.40 ± 4.62 9 ± 5 (£4) N.A. N.A.
KCl )49.33 ± 3.60 62.61 ± 16.52 ,   10.64 ± 6.28 2.36 ± 0.75 )16.11 ± 4.93 2 ± 0 (£54) N.A. N.A.
BDNF )44.32 ± 5.74 223.1 ± 65.74 0.00 ± 0.00 N.A. N.A. 0 ± 0 (0) N.A. N.A.
KCl + BDNF )47.43 ± 3.30 235.3 ± 44.36 4.84 ± 2.56 3.38 ± 0.68 )13.54 ± 9.13 1 ± 1 (£4) N.A. N.A.

12DIV
Control )58.33 ± 6.18 82.33 ± 19.84 18.56 ± 11.76 5.37 ± 0.23 )36.89 ± 0.45 4 ± 2 (£6) 29.15 ± 6.23 372.6 ± 106.4
KCl )63.80 ± 5.54 79.72 ± 2.54 33.32 ± 7.90 2.95 ± 0.74 )41.10 ± 10.91 20 ± 10 (£62) 15.85 ± 2.38 206.7 ± 63.14
BDNF )42.83 ± 4.47 ,à 123.76 ± 75.82 17.70 ± 10.29 4.74 ± 1.44 )28.64 ± 9.89 11 ± 8 (£36) 11.55 ± 3.66 245.8 ± 78.31
KCl + BDNF )62.00 ± 2.34 98.14 ± 44.30 34.55 ± 11.24 3.84 ± 1.68 )42.38 ± 4.89 42 ± 14 (£80)à,** 54.33 ± 31.42 276.3 ± 54.12

16DIV
Control )53.50 ± 7.25 45.46 ± 32.60 15.19 ± 9.96 1.48 ± 0.23 )35.25 ± 1.38 25 ± 18 (£112) 43.00 ± 9.12 679.6 ± 144.8
KCl )62.33 ± 5.25 37.73 ± 15.29 22.33 ± 10.09 2.86 ± 1.19 )33.19 ± 6.82 16 ± 7 (£86) 54.13 ± 18.43 521.1 ± 97.98
BDNF )61.83 ± 2.89 170.4 ± 62.02  42.87 ± 9.46 2.26 ± 0.32 )37.29 ± 2.27 17 ± 6 (£48) 30.10 ± 9.69 350.3 ± 88.04
KCl + BDNF )61.67 ± 4.36 86.68 ± 23.75 15.43 ± 9.76 2.15 ± 0.62 )34.60 ± 5.20 22 ± 8 (£40) 143.0 ± 46.52à,** 539.7 ± 169.2

Statistical differences between particular groups (posthoc results). *P < 0.05 control vs. KCl;  P < 0.05 KCl vs. BDNF; àP < 0.05 BDNF vs. KCl + BDNF;
§P < 0.05 control vs. BDNF; **P < 0.05 control vs. KCl + BDNF;   P < 0.05 KCl vs. KCl + BDNF. n ¼ 6–9 ⁄ parameter ⁄ group. Data were expressed as means
± SEM. The mean discharge frequency (± SEM) was assessed by prolonged (500 ms) somatic current injection, while the resting membrane potential was adjusted to
)70 mV by current injection in the soma. Data in parentheses indicate the maximum discharge frequency in a particular group obtained after somatic current
injection at the resting membrane potential. Action potential parameters that do not apply due to the lack of action potential firing after brief current injection (5 ms)
were indicated (N.A., not applicable). Due to the infrequent occurrence at 3 and 6 days in vitro (DIV), data on spontaneous inhibitory postsynaptic currents (sIPSCs)
were not analysed statistically at these time points (N.A.).
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observed (amplitude, F ¼ 4.260, P ¼ 0.022; half-width, F ¼ 2.898,

P ¼ 0.044; threshold, F ¼ 8.134, P ¼ 0.002), while BDNF treat-

ment alone appeared ineffective.

Kv3.1b+ neurons gradually acquired repetitive firing (F ¼ 12.047,

P ¼ 0.035) in culture. Combined application of KCl and BDNF

significantly facilitated the firing of action potential trains at 12 DIV

(Table 1) with sustained KCl-induced membrane depolarization

being predominantly required (P ¼ 0.048) for the development of

this parameter (Fig. 7). Although Kv3.1b+ neurons attained fast-

firing characteristics more rapidly in the presence of BDNF and KCl

than control neurons, their maximal discharge frequencies did not

differ significantly (KCl + BDNF, 80 Hz at 12 DIV vs. control,

112 Hz at 16 DIV). Interestingly, electrophysiologically distinct

subgroups of fast-firing interneurons (Gupta et al., 2000) were

evident at 12 and 16 DIV (Fig. 7), which showed different firing

patterns. Both the amplitude (F ¼ 6.998, P ¼ 0.018) and interval

(F ¼ 4.051, P ¼ 0.016) of sIPSCs exhibited a strong relationship

with survival time in culture. While sIPSC amplitudes increased,

their frequency decreased from 12 to 16 DIV. BDNF and KCl

affected sIPSC amplitudes at both time points in a synergistic

fashion, being significant at 16 DIV, compared with the control

group (P ¼ 0.040). These data suggest that BDNF, in combination

with KCl-induced sustained membrane depolarization, is required for

Kv3.1b+ neurons to acquire a fast-firing phenotype and to form

mature inhibitory synaptic contacts.

Isolated fast-spiking cells express parvalbumin and

form reciprocal microcircuits

When exposed to BDNF and sustained KCl-induced membrane

depolarization, Kv3.1b+ neurons become neurochemically specified,

acquire an FS phenotype and form functional synaptic contacts.

According to the classical definition, FS cells contain PVand appear as

a large syncytium of electrically and chemically coupled neurons in

cortical areas (Galarreta & Hestrin, 1999; Freund, 2003). Therefore,

we examined whether isolated Kv3.1b+ FS-like cells exhibit similar

hallmarks in vitro.

Scattered PV immunoreactivity of low intensity was found in

control cultures and in those supplemented with either BDNF or KCl

(data not shown). In contrast, combined BDNF and KCl treatment led

to increased PV immunoreactivity that was frequently associated with

the expression of perineuronal nets (Fig. 8A–A¢¢). The presence of PV

mRNA transcripts was also confirmed by RT-PCR (Fig. 8B). We then

performed dual whole-cell current recordings on Kv3.1b+ cell pairs

located 40–70 lm apart at 12 DIV. No connected pairs of neurons

were observed under control conditions (n ¼ 12). In contrast, Kv3.1b+

cells formed an extensively interconnected neuronal network when

exposed to BDNF and KCl. In all cases tested (n ¼ 10), Kv3.1b+ cells

appeared to be reciprocally connected (Fig. 8C–E). The efficacy of

synaptic connections was variable in the range of 0.6–13.8 mV.

Kv3.1b+ cells also generated autaptic synapses (Fig. 8E, right).

Electrical coupling between connected cells was not identified.

Discussion

Here, we show that a Kv3.1b subunit-based TSI establishes high-

purity cultures of GABAergic interneurons with morphological and

functional properties of adult neocortical and hippocampal FS cells.

The temporal dynamics of neurochemical specification in Kv3.1b+

GABAergic neurons in vitro correlated well with those of FS cells in

the developing neocortex and hippocampus. Kv3.1b and GAD were

Fig. 6. Effects of KCl and ⁄ or brain-derived neurotrophic factor (BDNF)
treatments on the temporal expression of synaptophysin (A), vesicular GABA
transporter (B) and glutamic acid decarboxylase (GAD) 65 ⁄ 67 (C). Neuron-
specific nuclear protein (NeuN), a pan-neuronal marker, was used as control.
Integrated optical density (OD) values were normalized as fold changes relative
to the amount of NeuN. Note the gradually increasing expression of
synaptophysin and vesicular GABA transporter (VGAT) over time in culture.
Data represent means ± SEM. *P < 0.05 (pairwise comparisons). Experiments
were performed in triplicate. DIV, days in vitro.
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expressed at 3 DIV, CB and extracellular matrix components appeared

at 6 DIV, while PV expression was delayed until 12 DIV. Morpho-

logical maturation was accompanied by gradual acquisition of the

capacity of repetitive firing and integration in inhibitory microcircuits.

Here, we have also demonstrated the requirement of target-derived

trophic support for the functional differentiation of Kv3.1b+ GAB-

Aergic neurons. In particular, BDNF, in concert with sustained KCl-

induced membrane depolarization, was critical for facilitating the

development of repetitive discharge behavior, extension of the

dendritic arbor, maturation of inhibitory synapses and the development

of microcircuits.

Target-specific isolation of fast-spiking cells from embryonic

neocortex and hippocampus

The morphological and functional diversity of GABAergic interneu-

rons underscores their involvement in regulating the output of various

excitatory cell populations in the neocortex and hippocampus (Freund

& Buzsáki, 1996; Gupta et al., 2000; Kawaguchi & Kondo, 2002;

Wang et al., 2002; Freund, 2003; Whittington & Traub, 2003). FS

cells provide innervation to the somata and proximal dendrites of

thousands of excitatory neurons in the hippocampus and a single

interneuron can synchronize the firing pattern of principal cell

domains (Miles & Wong, 1983). The maintenance of high-frequency

firing in FS cells is believed to require: (i) the expression of a unique

composition of ion channels (Lien & Jonas, 2003); (ii) Ca2+-binding

proteins with a capacity to buffer local Ca2+ transients (Freund, 2003)

and (iii) chondroitin sulfate proteoglycan-rich polyanionic perineur-

onal nets that contribute to the maintenance of ion homeostasis

through the plasma membrane (Brückner et al., 1993; Celio et al.,

1998; Härtig et al., 1999).

The composition of ion channels in neuronal plasma membranes is

sharply defined for a cell to produce a characteristic pattern of

electrical activity. In FS cells, Kv channels containing Kv3.1a and

Kv3.1b subunits underlie the short repolarization phase of action

potentials and thus provide a backbone of high discharge frequencies

(Zhang & McBain, 1995; Du et al., 1996; Lien & Jonas, 2003). The

expression of Kv3.1a and Kv3.1b subunits in the rat brain is

developmentally regulated. Kv3.1b mRNA is detected at the late

embryonic period and is confined to subgroups of cortical and

hippocampal cells (Perney et al., 1992). Kv3.1b expression in the

embryonic neocortex and hippocampus permitted the selective

isolation of immature FS cells by an immunomagnetic TSI protocol

that has been shown to be of high sensitivity and efficacy when

separating various non-neuronal cell types (Lequerica et al., 1999;

Kobayashi et al., 2002). To selectively identify the Kv3.1b protein,

we used an antibody raised against the last 19 C-terminal amino

acids and took advantage of dissociating brain tissue by trypsin

treatment, which was previously shown to facilitate antibody

penetration (Suganuma et al., 1980; Galoppin & Saurat, 1981).

Our present findings suggest that the C-terminal of Kv3.1b protein is

an appropriate molecular target for the selective recognition of

developing FS interneurons.

There is a broad array of morphologically and functionally distinct

interneuron subtypes in the neocortex and hippocampus (Cauli et al.,

Fig. 7. Brain-derived neurotrophic factor (BDNF)- and KCl-induced depolarization accelerates the electrophysiological maturation of fast-spiking (FS) cells
in vitro. Representative current-clamp recordings during prolonged (500 ms) somatic current injection are shown. The resting membrane potential was adjusted to
)70 mV by current injection in the soma. Two representative traces are presented at 12 and 16 days in vitro (DIV). The highest mean discharge frequency (see also
Table 1) was observed after combined BDNF and KCl treatments at 12 DIV. Note that various FS cell subpopulations were present.
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1997; Freund, 2003; Whittington & Traub, 2003). The neurochem-

ical heterogeneity of interneuron subtypes suggests the existence of

multiple cell-surface receptors and channels [e.g. the type 1

cannabinoid receptor (Katona et al., 1999), neurotrophin receptors

(Kohara et al., 2003) and Kv channels (for review see Robertson,

1997)] for the TSI of other subsets of GABA cells. In addition,

principal cells express fundamentally different assemblies of cell-

surface receptors that could serve as distinctive phenotypic markers.

Recent evidence indicates that interneuron heterogeneity subserves

the division of tasks among GABA cell subsets when regulating

c- and h-oscillations (see e.g. Whittington & Traub, 2003), while

damage to particular subpopulations of GABAergic interneurons is

critical for the neuropathogenesis of epilepsy and stroke (De Jong

et al., 1993; Sloviter et al., 2003). Therefore, TSI may become a

valuable tool for the identification of novel signaling mechanisms in

selected subpopulations of GABAergic interneurons and assessment

of the pharmacological efficacy of drugs affecting GABAergic

neurotransmission.

Parvalbumin expression coincides with fast-spiking activity

While the expression of multiple GABAergic markers correlates

with synaptogenesis, PV in rat neocortical and hippocampal basket

cells only appears around postnatal day 7 (Seto-Ohshima et al.,

1990; Buwalda et al., 1994). The temporal expression pattern of

various GABAergic markers in developing FS cells resembled the

maturation of cortical and hippocampal GABAergic interneurons

described in vivo. PV expression was first observed at 12 DIV and

coincided with the generation of fast, repetitive discharge patterns.

A causal relationship of PV expression and FS activity was not

established in our study. Previous data showed that the gating

properties of Kv3 channels are optimized for FS behavior (Lien &

Jonas, 2003) and ionic buffers, such as perineuronal nets and Ca2+-

binding proteins, effectively regulate fast K+ and Ca2+ transients

associated with high-frequency repetitive firing (Celio et al., 1998;

Härtig et al., 1999). Based on our findings, we suggest that a

unique composition of voltage-gated ion channels and effective

ionic buffers is required to maintain high discharge rates in FS

cells.

Brain-derived neurotrophic factor and membrane depolarization

facilitate fast-spiking cell differentiation

While the developmental effects of BDNF on GABAergic interneuron

differentiation have been extensively studied in organotypic (Marty

et al., 2000; Jin et al., 2003) and dissociated, heterogeneous cortical

Fig. 8. (A–A¢¢) Voltage-gated potassium channel 3.1b subunit-positive (Kv3.1b+) neurons expressed both parvalbumin (PV) and perineuronal nets, visualized by
Wisteria floribunda agglutinin (WFA), in the presence of KCl and brain-derived neurotrophic factor from 12 days in vitro (DIV). Scale bar, 50 lm
(A). (B) PV expression in these cultures was confirmed by reverse transcriptase-polymerase chain reaction at 16 DIV. The ribosomal 18S housekeeping standard
was used as internal control. (C) Dual whole-cell recordings were performed in pairs of fast-spiking (FS) cells to study the formation of microcircuits. (D and E)
Representative firing traces from two cells (D) and corresponding inhibitory postsynaptic potentials (IPSPs) (E) in response to action potentials in the presynaptic
cell. Note the presence of autaptic innervation in the FS cell (2) as indicated by the spike-associated IPSP.

BDNF promotes development of fast-spiking GABA cells 1303

ª 2004 Federation of European Neuroscience Societies, European Journal of Neuroscience, 20, 1290–1306



cultures (Marty et al., 1996; Rutherford et al., 1997, 1998; Righi

et al., 2000; Kohara et al., 2003), the precise mechanism of BDNF-

induced functional differentiation of anatomically defined GABAergic

interneuron subsets and its role in controlling characteristic firing

patterns remains unknown.

Here, we confined our analysis to isolated Kv3.1b+ FS cells and

showed that these neurons underwent gradual development in vitro

while acquiring all of the major intrinsic characteristics of adult FS

cells. BDNF has been shown to induce Ca2+-binding protein (e.g.

PV) and neuropeptide (e.g. neuropeptide Y) expression in GAB-

Aergic interneurons (Marty et al., 1996, 1997; Rickman, 1999;

Sang & Tan, 2003). Moreover, its absence is detrimental for

interneuron development (Altar et al., 1997). Although BDNF

significantly expanded the dendritic arbors of FS cells, it did not

increase the amplitude of sIPSCs, a measure of the efficacy of

spontaneous synaptic communication per se. In contrast, KCl-

induced membrane depolarization promoted the functional differen-

tiation of FS cells, as indicated by hyperpolarized resting membrane

potentials, elevated spike frequencies at 3–12 DIV and the ampli-

tude of sIPSCs at 16 DIV. Importantly, BDNF in combination with

KCl, mimicking activity-dependent synaptic modulation (Rutherford

et al., 1997, 1998; Tongiorgi et al., 1997), exerted additive effects

and led to a complete morphological and functional specification of

FS cells. As BDNF and ⁄ or KCl exerted adverse effects on multiple

electrophysiological parameters at 16 DIV, we suggest that these

factors are critical for triggering FS cell development but not for

the maintenance of this neuronal phenotype.

Brain-derived neurotrophic factor regulates activity-dependent

dendritic growth in cortical interneurons (Jin et al., 2003; Kohara

et al., 2003) and controls the density and efficacy of inhibitory

synapses (Rutherford et al., 1997, 1998; Marty et al., 2000) by

affecting neuronal energy metabolism (Burkhalter et al., 2003) and

postsynaptic chloride transport (Walde & Poo, 2003). Membrane

depolarization, in turn, induces recruitment of the BDNF receptor,

trkB, at postsynaptic specializations in active synapses (Righi et al.,

2000) concomitant with structural changes that underlie an increase in

the strength of developing synapses (Murase et al., 2002). Accord-

ingly, sustained membrane depolarization was considered as a

prerequisite for BDNF to induce interneuron differentiation. However,

all previous studies were performed on heterogeneous cell populations

where specific consequences of sustained membrane depolarization on

interneuron differentiation were largely confounded by excitatory

neurons controlling activity-dependent maturation of interneurons.

Our data suggest that membrane depolarization is beneficial during the

early phase of interneuron differentiation but becomes detrimental for

dendritic branching and synaptogenesis of FS cells at later stages of

development. As BDNF in conjunction with sustained membrane

depolarization led to a complete maturation of FS cells in vitro, we

suggest that the functional specification of these interneurons is

predominantly dependent on the regulatory drive of principal cells, the

source of target-derived BDNF (Ernfors et al., 1990) and on their

afferentation in the developing neocortex and hippocampus.

It is relevant to note that the TSI-derived FS cell cultures described

in this study differ substantially from the milieu of the developing

neocortex where an array of both excitatory and inhibitory signals,

divergent in strength, paucity and timing, affect interneuron develop-

ment. In contrast, GABA is the only neurotransmitter affecting

interneuron differentiation in high-purity FS cell cultures. Under these

conditions, KCl-induced membrane depolarization probably triggers

GABA release and may lead to a metabolic overdrive of FS cells. As

GABA is ineffective in the absence of neurotrophic factors (for review

see Biagioni et al., 2000), we propose that depolarization-induced

GABA release in conjunction with BDNF is critical for controlling FS

cell development.
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Calpains are a family of calcium-dependent proteases with abundant expression in the CNS, and potent in

cleaving some synaptic components. Assessment of calpain activity by its fluorescent substrate, Boc-Leu-

Met-CMAC, revealed that cultured neurons display a significant level of constitutive enzyme activity. Notably,

calpain activity differs in distinct neuronal populations, with a significantly higher level of activity in

GABAergic cells. Using selectively-enriched cultures of fast-spiking GABAergic interneurons, we show that

calpain activity partially contributes to the post-translational down regulation of SNAP-25, a calpain

substrate, in differentiated GABA cells. In addition, we demonstrate that SNAP-25 is cleaved by calpain in

response to acute seizures induced by intraperitoneal kainate injection in vivo. These data indicate that

calpains in neurons are active even at physiological calcium concentrations and that different levels of

calpain activation in selected neuron subtypes may contribute to the pattern of synaptic protein expression.

© 2008 Elsevier Inc. All rights reserved.

Introduction

Calpains are a family of calcium-dependent neutral proteases

which cleave several cytosolic, membrane or cytoskeleton-associated

proteins. Proteolysis by calpain is likely to change the integrity,

localization, and/or activity of endogenous proteins, and results in

either the activation or the inhibition of substrate functions. Despite

the fact that more than 100 proteins have been identified as calpain

substrates, the sequential/structural determinants of calpain recogni-

tion are not completely understood. Various enzymatic determinants,

such as amino acid preference, secondary structure, and PEST

segments, have been shown to correlate with the cleavage site selected

by calpain (Tompa et al., 2004). At least three ubiquitous calpains,

calpain-1 (μ-calpain), calpain-2 (m-calpain), and calpain-10 are highly

expressed in the central nervous system along with the preferential

localization of several calpain substrates, including voltage-gated

calcium channels (Hell et al., 1996), NMDA receptor subunits

(Guttmann et al., 2001), postsynaptic density proteins (Lu et al.,

2000), kinases, and phosphatases, to synaptic compartments in

neurons (Wu and Lynch, 2006). Recent data suggest that some

components of the fusion machinery, in particular the SNARE proteins

SNAP-25 and SNAP-23 are substrates of variousmembers of the calpain

family in neurons (Ando et al., 2005), as previously described in

alveolar epithelial cells (Zimmerman et al., 1999), platelets (Lai and

Flaumenhaft, 2003; Rutledge and Whiteheart, 2002) and pancreatic

islets (Marshall et al., 2005). Whether the cleavage of these substrates

occurs only under pathological (Xu et al., 2007) or physiological

conditions is still ambiguous.

SNAP-25 and SNAP-23 are plasma membrane proteins which

together with their partner SNAREs, the membrane protein syntaxin

and the synaptic vesicle protein synaptobrevin/VAMP, form the fusion

complex mediating regulated exocytosis. The calpain members

proteolitically cleaving SNARE proteins include calpain-1 (Rutledge

and Whiteheart, 2002) and calpain-10 (Marshall et al., 2005), an

atypical calpain, which lacks the calcium/calmodulin domain (Ma et al.,

2001). Analysis of SNAP-23 cleavage products suggests that the

calpain cleavage site(s) is situated in the C-terminal third of the

molecule, potentially between the cysteine-rich acyl attachment sites

and the C-terminal coiled-coil domain (Rutledge and Whiteheart,

2002). The calpain cleavage site in SNAP-25 has been instead localized

to the N-terminal third of the molecule in cultured cerebellar granule

cells (Ando et al., 2005) and to a region adjacent to the N-terminus in

insulinoma INS-1 cells (Marshall et al., 2005).
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Controversial results have been reported on calpain-mediated

SNARE degradation and secretion: Lai and Flaumenhaft (2003) found

that ATP-dependent alpha-granule secretion from platelets is inhi-

bited under conditions producing SNAP-23 cleavage, indicating that

calpain-dependent SNARE degradation impairs secretion. In contrast,

calpain-mediated SNARE cleavage may not affect vesicle fusion as it

has been reported to occur after granule exocytosis (Rutledge and

Whiteheart, 2002), and calpain activity may even be necessary for

secretion since calpain inhibitors inhibit exocytosis (Marshall et al.,

2005). The inhibition of insulin secretion by calpain inhibitors is

consistent with the possibility that calpain-10 acts as a calcium sensor

which partially proteolyses SNAP-25 upon calcium influx thus

triggering rearrangement of the SNARE complex and granule fusion

(Marshall et al., 2005). Alternatively, calpain inhibitors could suppress

insulin secretion via inhibition of μ-calpain-mediated proteolysis of

the secretory granule protein ICA512, which is important for granule

mobilization from the cytoskeleton to the cell surface (Ort et al., 2001).

The sole study performed in neurons indicates that SNAP-25 cleavage

by calpain results in an inhibitory effect on neurotransmitter release in

culture (Ando et al., 2005). In the present study, we show that

augmenting calpain activity by treatments inducing epileptic seizures

or excitotoxicity significantly enhances SNAP-25 degradation not only

in cultured neurons but also in vivo. Interestingly, we also demon-

strate that calpain operates under physiological conditions and

contributes to the post-translational control of SNAP-25 protein levels

in GABAergic inhibitory neurons in vitro.

Results

Reduced SNAP-25 levels induced by calpain activity in cultured neurons

To directly assess calpain activity under resting conditions and upon

exposure of cultured neurons to glutamate, we used the fluorogenic

calpain substrate Butoxycarbonyl-Leu-Met-7-amino-4-chlorimethyl-

coumarin (Boc-Leu-Met-CMAC) as an in vitro bioassay for calpain

proteolysis. The uncleaved calpain substrate is non-fluorescent and

enters the cells freely. Once internalized, active calpain specifically

cleaves the amino acid linker, unquenching the fluorescence of the

Fig. 1. Glutamate stimulates calpain activity in hippocampal cultures. (A) Pseudocolor images of 8-day-old cultured hippocampal neurons loaded with the calpain synthetic substrate

Boc-CMAC. Glutamate exposure (2 h) increased intracellular Boc-CMAC cleavage while calpeptin pre-treatment reduced basal fluorescence levels below control conditions. (B)

Quantification of fluorescence intensity (arbitrary units), representing calpain activity, monitored in the cell body of neurons. Each column reports mean±SE from at least 50 neurons

from three different experiments, exposed to glutamate (100 μM) with or without calpeptin (30 μM) for 2 h or treated with calpeptin (30 μM), leupeptin (10 μg/ml) or BAPTA/AM

(30 μM). (C) Glutamate-dependent SNAP-25 cleavage in hippocampal cultures. Homogenates of hippocampal cultures exposed 8 h to glutamate in the presence or in the absence of

calpeptin were immunoblotted with antibody against SNAP-25 (SYSY N-ter), syntaxin-1 or microtubules, as loading control. Note a strong reduction of SNAP-25 immunoreactive

band in glutamate-treated cultures. (D) Time course analysis of intracellular calcium concentration (expressed as F340/380 fluorescence ratio), calpain activation (Boc-CMAC

fluorescence) and SNAP-25 expression in cultures exposed to glutamate for 0.5, 2, 3, 8 and 20 h. Note that glutamate-induced calcium responses preceded calpain activation and

SNAP-25 cleavage.
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coumarin fluorophore. Treatment of primary hippocampal cultures,

mainly containing glutamatergic neurons, with 100 μM glutamate (for

2 h) increased the fluorescence intensity of neurons loaded with the

calpain substrate, thus indicating an increase in calpain activity. Pre-

incubationwith the cell permeable calpain inhibitor, calpeptin (30 μM),

abolished glutamate-induced calpain activation and reduced the

fluorescence intensity of neurons below control levels (Figs. 1A and B).

Pre-treatmentof neuronal cultureswith calpeptin reducedbasal calpain

activity (Fig. 1B). Treatment of neurons with the cell-permeant calcium

chelator BAPTA/AM (30 μM) revealed that constitutive activity of

calpain was dependent on intracellular calcium given that the

fluorescent intensity of Boc-CMAC decreased significantly below

control levels after treatment with this calcium chelator (Fig. 1B). Pre-

treatment with BAPTA/AM also strongly prevented calpain activation

induced by 1.5 h glutamate exposure (mean fluorescent intensity

normalized to control: 196±11.8%, glutamate-treated vs. 121±15.9%,

BAPTA pre-treated).

The plasma membrane SNARE protein SNAP-25 has been described

to represent a calpain substrate (Ando et al., 2005). To confirm this

evidence, homogenates of low density hippocampal neurons, exposed

to 100 μM glutamate, were analyzed by western blotting with

antibodies directed against SNAP-25. As shown in Figs. 1C and D, the

amount of SNAP-25 was decreased by 8, 64 and 70% in cultures treated

for 2, 3 and 8 h respectively with glutamate. Such reductionwas largely

preventedwhen cultureswere exposed to glutamate in the presence of

30 μMcalpeptin (integrated intensityof SNAP-25 immunoreactive band

normalized to control: 29±8% treated with glutamate, 70±14% treated

with calpeptin andglutamate) (Fig.1C). No relevant changes in the level

of the plasma membrane SNARE protein syntaxin 1 were detected in

these same samples (Fig. 1C). The presence of a SNAP-25 fragment of

about 20 kDa was sporadically detected in the homogenate of high

density cortical neurons exposed to glutamate (data not shown), in line

with Ando et al. (Ando et al., 2005). The reduction of SNAP-25 levels

evaluated by western blotting was time-dependent and reached its

sustained maximum between 3-8 h after glutamate stimulation (Fig.

1D). Decrease in SNAP-25 immunoreactivitywas preceded by increases

of intracellular calcium that were monitored in neurons after loading

with the fluorescent calcium dye FURA-2. Calcium concentration

peaked 2–5 min after glutamate application, whereas calpain activa-

tion, assayed in Boc-CMAC loaded cells, reached its peak value after 2 h

of glutamate exposure when the intracellular calcium concentration

already tended to return to basal levels. This clearly indicates that

neurons survived the excitotoxic insult (Fig. 1D). This observation also

suggests that transient increases in cytosolic calcium concentrations

induce a sustained calpain activation with possible long lasting

downstream effects.

Calcium-dependent SNAP-25 cleavage by calpain in synaptosomes

The analysis of SNAP-25 by immunoblotting revealed the presence

of protein fragments in synaptosomes obtained from cerebral cortices

of adult mice. In particular, three bands, withmolecular weights lower

Fig. 2. Calcium-dependent cleavage of SNAP-25 in brain cortical synaptosomes. (A) Lysates of synaptosomes from brain cortex maintained for 5 min in different experimental

conditions were immunoblotted with two different anti-SNAP-25 antibodies. Note that SNAP-25 cleavage products, revealed with SYSY N-ter antibodies are strongly reduced in the

presence of calpeptin or in the absence of extracellular calcium ions and unaffected in the presence of a cocktail of non cystein proteases inhibitor (aprotinin, bestatin and pepstatin).

The SYSY C-ter antibody recognizes a band unaffected in the presence of calpeptin or cocktail of inhibitors. Differently from SYSY N-ter antibody, SYSY C-ter also doesn't recognize the

1-180 Botulinum neurotoxin E cleavage product. (B) Time-dependent formation of SNAP-25 cleavage products in synaptosomes exposed to 50 mM KCl in the presence or in the

absence of extracellular calcium ions. (B'), Quantitative analysis of the amounts of SNAP-25 fragments relative to total protein at the different periods of time. (C) Formation of SNAP-

25 cleavage fragments in synaptosomes exposed to 100 μMglutamate for 20 or 40 min. (D) Quantification of the integrated density of SNAP-25 immunoreactive fragments relative to

total protein, in different experimental conditions. Data are expressed as the mean±SE.
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than 20 kDa were detected when using three different antibodies: a

monoclonal antibody directed against the N-terminus of SNAP-25

(Synaptic Systems, N-terminal, Fig. 2A) and two monoclonal anti-

bodies (MAB331 and SMI 81, not shown) produced against the whole

protein. SNAP-25 fragments were due to calpain activation, since no

obvious fragments were observed in synaptosomes pre-treated with

calpeptin (30 μM, Fig. 2A), and less fragmentation was detected in

leupeptin-treated synaptosomes (10 μg/ml, not shown). SNAP-25

immunopositive bands were instead detectable in synaptosomes

treated with a cocktail of inhibitors: aprotinin (100 U/ml), a serine

proteinase inhibitor, bestatin (10 μg/ml), an aminopeptidase inhibitor,

and pepstatin (10 μg/ml), an inhibitor of aspartic proteinases (Fig. 2A).

Also the C-terminal antibody (Synaptic Systems, C-terminal) recognized

a band of low molecular weight, which was however insensitive to

calpeptin or protease inhibitors (Fig. 2A Synaptic Systems [SYSY C-ter]).

Calpain-dependent cleavage products were not detectable in synapto-

somes maintained in the absence of extracellular calcium ions, indi-

cating that calpain activity requires extracellular calcium (Figs. 2A–D).

Formation of SNAP-25 fragments occurred in the absence of synapto-

some stimulation, weakly increased under synaptosome depolariza-

tion or glutamate exposure (Figs. 2C, D). Appearance of SNAP-25

fragments increased progressively in a time-dependent manner in the

presence of extracellular calcium and either 55 mM KCl or 100 μM

glutamate (Figs. 2B–D). Different from primary cultures, SNAP-25

cleavage in synaptosomes was already detectable 5–10 min after

depolarisation (Fig. 2B), possibly due to a substantial lack of de novo

protein synthesis in isolated terminals. Fragments generated by calpain

were clearly distinct from that produced by Botulinum toxin E (Fig. 2A,

right), which cleaves SNAP-25 at residue 180, thus removing the

carboxyl-terminal 26 amino acids (Binz et al.,1994). As expected, SNAP-

25 1–180 fragment (22 kDa) was detected by the anti-N-terminal

antibody but not by the anti-C-terminal one, the latter directed against

the protein region cleaved by the neurotoxin. Since calpeptin-sensitive

SNAP-25 fragments were also not detected by the anti-C-terminal

antibody (Fig. 2A) it is likely that calpain, similarly to Botulinum toxin E,

cleaves SNAP-25 at its C-terminus.

Calpain mediates activity-dependent SNAP-25 cleavage in vivo

We next asked whether calpain-dependent SNAP-25 cleavage

operates in vivo and whether fragment formation is enhanced by

neuronal hyperexcitability, such as that represented by seizure

discharges. To this aim, we have analyzed, by western blotting,

SNAP-25 levels in hippocampi of mice systemically injected with

kainate to induce acute epileptic seizures or with Kreb's Ringer

solution (saline) (Costantin et al., 2005). SNAP-25 cleavage products

were observed in the hippocampus of control mice and were

significantly increased 15–30 min after the intraperitoneal kainate

injection (Figs. 3A, A'). The amount of SNAP-25 fragments was

reduced to control levels 3 h after drug administration. Interestingly,

unilateral injections of calpeptin into the hippocampus, before

kainate administration strongly reduced the amount of SNAP-25

fragments (Figs. 3A, A'), while vehicle injection did not alter SNAP-25

fragmentation (Figs. 3B, B'). Intrahippocampal calpeptin injection

reduced protein fragmentation below control conditions, thus

suggesting constitutive calpain activity in vivo (Figs. 3B, B').

Fig. 3. Calpain-dependent SNAP-25 cleavage in control and kainate-injectedmice. (A) Hippocampi of mice intraperitoneally injectedwith saline or kainatewere lysated 15, 30, 60 and

180 min after drug administration and immunoblotted with SMI 81 anti-SNAP-25 antibody. SNAP-25 cleavage products were constitutively present, increased 15–30 min after

kainate administration and returned to basal levels at 180 min. Intrahippocampal injection of calpeptin (calp) strongly reduces SNAP-25 cleavage at 30 and 60 min following kainate

treatment. (A') Quantification of the integrated density of SNAP-25 immunoreactive fragments relative to total protein in hippocampus at different time points after kainate

administration. A significant increase in SNAP-25 cleavage is detectable 15 and 30min post kainate. Data are expressed asmean±SE. (B) Representative immunoblotting showing that

intrahippocampal injection of calpeptin reduces constitutive SNAP-25 fragmentation. Vehicle injection does not change protein fragmentation relative to control. (B') Quantification

of the integrated density of SNAP-25 fragments relative to total protein in hippocampus 45 min after intrahippocampal injection of calpeptin or vehicle.
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Calpain activity in glutamatergic and GABAergic neurons

As calpeptin reduces Boc-CMAC fluorescence below control levels

(Fig. 1B), the possibility of constitutive calpain activation in resting

neurons emerges. The major population of cells present in primary

cultures of hippocampal neurons is excitatory glutamatergic neurons.

Neurons displaying GABA immunoreactivity represent about 6–10% of

the total number of cultured neurons. Most GABAergic cells have

fusiform or polygonal shaped somata, non-spiny and less-tapering

dendrites. Moreover, GABA cells appear more phase-dense than non

GABAergic cells thus allowing reliable identification by morphological

criteria (Benson et al.,1994). Bymonitoring basal and glutamate-evoked

calpain activity in cultures loaded with Boc-CMAC, GABAergic neurons

displayed a higher fluorescence signal (data not shown). Boc-CMAC

fluorescence measurements were also performed on fixed cultures,

where the GABAergic or glutamatergic nature of neurons could be

unequivocally identified by immunostaining for the neurotransmitter

GABA (Fig. 4A). Quantitative analysis of Boc-CMAC fluorescence at the

soma of excitatory or inhibitory neurons revealed that the fluorescence

signal in GABAergic cells exceeded by 1.5 and 2 fold that detected in

glutamatergic cells. These differences were stably present both under

control conditions and after glutamate exposure (Fig. 4B). To evaluate

calcium dynamics in glutamatergic and GABAergic neurons, neuronal

cultures or hippocampal slices were loaded with the calcium sensitive

dyes Fura-2 or INDO-1, respectively, and exposed to 30 mM KCl in the

presence of the NMDA receptor blocker APV (50 μM) and the Na+

channel blocker TTX (1 μM). Higher calpain activity in GABAergic

neurons was associated with higher calcium responses to 30 mM KCl,

both in hippocampal cultures (glutamatergic neurons: 0.999±0.014

n=115; GABAergic neurons: 1.24±0.07 n=50, p<0.001; Verderio et al.,

2004) and in brain slices (glutamatergic neurons: 0.36±0.013 n=87;

GABAergic neurons: 0.428±0.017 n=29, p=0.0094) (Figs. 4D, E).

Reduced SNAP-25 expression in differentiated GABAergic interneurons

It has previously been shown that mature GABAergic neurons do

not display detectable levels of SNAP-25 immunoreactivity, although

they are able to synthesize this protein (Verderio et al., 2004; Frassoni

Fig. 4. Calpain activity in glutamatergic and GABAergic neurons. (A) Pseudocolor images of 8-day-old hippocampal cultures loaded with Boc-CMAC, fixed and stained with

antibodies directed against the neurotransmitter GABA. Note the higher signal of Boc-CMAC fluorescent products in GABAergic neurons (arrows) as compared to glutamatergic cells.

(B) Quantification of Boc-CMAC fluorescence, an index of calpain activity in glutamatergic neurons (Glut, first bar), GABAergic neurons (GABA, second bar), GABAergic neurons

stimulated with glutamate (GABA stim, third bar) and GABAergic neurons stimulated with glutamate in the presence of calpeptin (GABA stim+calp, fourth bar). Data are expressed as

mean±SE and normalized to mean average intensity of glutamatergic neurons in the same conditions. (C) Correlation analysis of 340/380 ratios, an index of cytosolic calcium

concentration, and Boc-CMAC fluorescence in either control neurons (black dots) or neurons treated with the calcium ionophore A23187 (red and green dots) reveals that increasing

intracellular calcium concentrations result in increasing calpain activity. Data represent mean±SE. (D) Frequency distribution of 340/380 ratio changes evoked by 30 mM KCl in

glutamatergic and GABAergic cultured neurons. Data represent mean±SE and are normalized to mean value of glutamatergic neurons recorded in the same coverslip. (E) Frequency

distribution of 405/485 ratio changes evoked by 30 mM KCl in glutamatergic and GABAergic neurons in hippocampal slices. Interneurons and pyramidal glutamatergic neurons were

selected based on the size of their somata (interneurons: diameter<11 μm; pyramidal cells>12 μm) and the absence of a clear apical dendrite in GABAergic cells.
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Fig. 5. Effect of sustained calpeptin-induced calpain inhibition on SNAP-25 expression. (A) mRNAs for SNAP-25a and SNAP-25b were detected by RT-PCR in 12-day-old BDNF-

differentiated interneuron cultures, as well as in 14-day-old mixed hippocampal cultures. (B) Western blotting of 12-day-old interneuron-enriched cultures reveals the virtual

absence of v-Glut staining, thus supporting the absence of glutamatergic contaminants. Only minute SNAP-25 expression was found in interneuron cultures, as compared to mixed

neuronal cultures with significant amounts of glutamatergic neurons. β-III tubulin was used as loading control. (C) Western blot analysis of SNAP-25 in interneurons-enriched

cultures untreated or treatedwith BDNF for 4 or 7 days. Interneurons exposed for 7 days to this neurotrophin display lower content of SNAP-25. Staining for microtubules was used as

loading control. (D) Quantitative analysis of synaptic protein expression in BDNF-treated or untreated cultures. (E, F) Triple immunofluorescence labeling of a 6 DIV culture (E) and

14DIV culture (F) for GAD (human serum, green), doublecortin (DCX, red) and SNAP-25 (blu) reveals that SNAP-25 is present in immature neurons, characterized by DCX

immunoreactivity but is virtually undetectable in differentiated interneurons lacking DCX. Arrow indicates a DCX and SNAP-25 negative neuron. (G) Western blot analysis for SNAP-

25 performed on mixed hippocampal cultures and BDNF-differentiated interneuron cultures untreated or treated with calpeptin for 7 days. Note that calpeptin-induced calpain

inactivation stabilizes SNAP-25 levels in interneurons. (G') Quantitative analysis of integrated density of SNAP-25 immunoreactive bands reveals a significant increase in SNAP-25

protein levels in interneuron cultures treated with calpeptin. β-III tubulin or synaptophysin (syp) were used as loading control for interneuron andmixed cultures, respectively. (H) at

12 days in vitro, BDNF decreases SNAP-25 (see also Fig. 5C). In addition, BDNF exerts its classic pro-differentiation action by increasing morphogenic differentiation, as identified by

the density of TUJ1 immunoreactive processes, and increased v-GATexpression in cultured interneurons. Prolonged calpeptin treatment stabilizes immunocytochemically-detectable

levels of SNAP 25 in GABA cells. Bottom inset denotes a v-GAT-labeled axon harbouring SNAP-25 immunoreactivity. Notably, combined BDNF and calpeptin treatment has exerted

dual effects with neurotrophins-induced cell differentiation progressing coincident with maintained SNAP-25 levels. Arrows point to GABA cell perikarya, open arrowheads denote

superparamagnetic beads used to isolate interneurons and emitting false green fluorescence. Solid arrowheads point to SNAP-25-immunoreactive GABAergic axon. (H')

Electrophysiological recordings validate that calpeptin treatment for 12 days in vitro does not deter functional GABA cell differentiation. Abbreviations: VR, resting membrane

potential; IR, input resistance; Disc. Fr., maximal discharge frequency evoked by somatic current injection; sIPSC, spontaneous IPSC frequency.
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et al., 2005; Bragina et al., 2007; Garbelli et al., 2008). Two SNAP-25

variants, SNAP-25a and b, are generated from a single, highly

conserved gene through alternative splicing (Bark, 1993). In line

with the ability of GABAergic interneurons to synthesize SNAP-25

(Frassoni et al., 2005), we here show by RT-PCR the presence of both

SNAP-25a and SNAP-25b mRNAs in phenotypically-differentiated

cultures fast-spiking GABAergic interneurons (Berghuis et al., 2004),

similarly to mixed hippocampal cultures (Fig. 5A). We also confirmed,

by western blotting, minute levels of SNAP-25 protein in interneuron

cultures treated with BDNF relative to mixed primary cultures of

similar ages in vitro, predominantly containing glutamatergic neurons

(Fig. 5B). The assumed proportions of inhibitory and excitatory

components in the different cultures were evaluated by staining

with antibodies against v-Glut and v-GAT (Fig. 5B). In line with the

developmentally-regulated reduction of SNAP-25 expression in inter-

neurons (Frassoni et al., 2005), differentiation of fast-spiking GABAer-

gic cells by BDNFwas associatedwith a specific downregulation of this

SNARE protein (Figs. 5C, D). BDNF-induced interneuron differentiation

was confirmed by increased v-GAT, synaptophysin and syntaxin

expression (Fig. 5D and Berghuis et al., 2004) and by loss of

doublecortin (DCX), a microtubule-associated protein expressed

almost exclusively in neuronal progenitors and immature neurons

(Figs. 5E, F and Brown et al., 2003). These data indicate that correct

differentiation of GABAergic neurons is associated with post-transla-

tional reduction of SNAP-25 expression.

Calpain contributes to reduced SNAP-25 expression in differentiated

GABAergic interneurons

The higher activity of calpain in GABAergic neurons (Figs. 4A and B)

prompted us to study whether calpain levels directly contribute to the

regulation of SNAP-25 protein levels in inhibitory interneurons.

Therefore, mixed and interneuron-enriched cultures were maintained

in the presence of calpeptin. We then analyzed the amounts of SNAP-

25 by western blotting. No effects were detectable after a 4-day

treatment. Treatment of the cultures with calpeptin for 7 days did not

significantly affect SNAP-25 expression in mixed primary cultures

predominantly containing glutamatergic neurons either (Figs. 5G, G').

In contrast, exposure of interneurons to calpeptin for 7 days

significantly increased the amount of SNAP-25 protein (Figs. 5G, G').

We next tested by multiple label immunocytochemistry whether

prolonged calpeptin treatment affects SNAP-25 expression in GABAer-

gic interneuron cultures. BDNF markedly decreased SNAP-25 levels,

while enhancing v-GAT expression, in interneurons at 12 days in vitro

(Fig. 5H). In contrast, calpain blockade by calpeptin led to the

maintenance of SNAP-25 in GABA cells with SNAP-25 distributed

along their axons. Combined treatmentwith BDNF and calpeptin had a

clear dual action: BDNF increased v-GAT expression and morphogenic

differentiation, whilst calpeptin maintained SNAP-25 expression. We

then used whole-cell patch recordings to determine whether

calpeptin affects functional interneuron differentiation. As shown

in Fig. 5H', both BDNF and calpeptin increased the resting

membrane potential of interneurons together with a significant

increase in their average discharge frequencies. These data confirm

that calpeptin per se did not compromise the acquiring of a GABAergic

phenotype. Overall, our data suggest that calpain activity in GABAergic

neurons contributes to the adjustment of intracellular SNAP-25 levels.

Discussion

The major finding of the present study is that cultured neurons

display a constitutive level of calpain activity, which can be reduced by

75% upon treatment with the calpain inhibitor calpeptin. This finding

clearly indicates that calpains in neurons are active even at

physiological calcium concentrations (100–300 nM) and display

reduced calcium requirements relative to calpain activation in vitro

(5–50 μM for μ-calpain and 200–1000 μM form-calpain), as previously

suggested (Strobl et al., 2000). In support of this concept, small

calcium changes (±0.1/0.2 340/380 ratios), falling into the physiolo-

gical range, can already result in significant variations of calpain

activity. Taken together, these results suggest that physiological

differences in resting calcium among distinct neuronal populations

may impact neuronal functions controlled by calpain substrates. To

prove this hypothesis, calcium concentrations were evaluated in

excitatory and inhibitory interneurons, from both hippocampal

cultures and slice preparations. Significant differences in GABAergic

and glutamatergic responsiveness to depolarisation were detected

(Verderio et al., 2004 and this study). In line with the strict

dependency of calpain on calcium concentrations also in the

physiological range, evaluation of calpain activity revealed a higher

activation of the enzyme in inhibitory interneurons, indicating that

differences in calcium homeostasis between distinct neuronal

phenotypes are reflected in changes of calpain activity. Among the

functional consequences that the higher calpain activity can cause in

GABAergic interneurons, we here show that increased enzyme activity

contributes to the post-translational control of the synaptic protein

SNAP-25. Indeed chronic inhibition of calpain specifically increases

the level of this SNARE protein in cultured interneurons, which

express mRNA for both embryonic and adult isoforms, but contain

negligible levels of SNAP-25 (Frassoni et al., 2005; Bragina et al., 2007;

Garbelli et al., 2008; but see Tafoya et al., 2006). Although we cannot

exclude the contribution of other mechanisms, such as differences in

mRNA translation, in protein turnover, or in axonal transport, our

results demonstrate that post-translational proteolysis by calpain is at

least one of the mechanisms which control the level of SNAP-25 in

GABAergic neurons. The post-translational control of SNAP-25 by

calpain also suggests that calcium homeostasis and calpain activity

may contribute to the phenotype specification of neurons, by

modulating the expression of synaptic components which, like

SNAP-25, are differently expressed in excitatory and inhibitory

neurons.

Calpains are upregulated in a wide range of pathophysiological

conditions characterized by dysregulation of neuronal calcium home-

ostasis, including stroke, epilepsy, traumatic brain injury and neuro-

degenerative disorders (Sun et al., 2004;Wu and Lynch, 2006) and they

are, indeed, recognized to be important mediators of excitotoxic

neuronal damage (Neumar et al., 2003). At the basis of calpain action

is the cleavage of different substrates, including theNa+/Ca++ exchanger

(Bano et al., 2005) and NMDA receptors (Simpkins et al., 2003), thus

enhancing calcium overload and triggering neurotoxicity. Proteolytic

inactivation of calcium extrusion driven by the Na+/Ca++ exchanger is

responsible for a delayed Ca++ deregulation while NMDA receptor

cleavage gives rise to an active form of the receptor, present on the cell

surface, which contributes to excitotoxicity. In addition, by truncating

the mGluR1α, calpain disrupts the neuroprotective PI3K-Akt signalling

pathway that is linked to the activation ofmGluR1α signalling (Xu et al.,

2007). Finally, calpain also promotes cell-death by degrading anti-

apoptotic proteins, i.e. NFk-B (Scholzke et al., 2003) and cytoskeletal

constituents such as spectrin (Hu and Bennett, 1991). In line with the

well-described sensitivity of calpain to calcium overload, we here

demonstrate for the first time that SNAP-25 proteolysis by calpain

occurs in vivo and is enhanced in response to acute seizure activity.

Interestingly, SNAP-25 fragments are also detectable in humancortexof

epileptic patients, thus suggesting that mechanisms of SNAP-25

cleavage are active in humans (Rita Garbelli, Carolina Frassoni, Claudia

Verderio and Michela Matteoli, unpublished observations). It has been

shown (Ando et al., 2005) that the calpain-mediated SNAP-25

fragmentation correlates with a reduction of the SNARE function and

inhibition of neurotransmitter release. Therefore, SNAP-25 calpain-

mediated cleavage can represent a neuroprotective mechanism

potently counteracting excitotoxicity that transiently operates during

acute seizures thus limiting neuronal network excitability.
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Experimental methods

Hippocampal and cortical cell cultures

Primary cultures of hippocampal or cortical neurons were

prepared from 18-day-old rat fetuses as previously described

(Verderio et al., 1999). Cells were maintained in MEM without sera,

supplemented with 1% N2 and 1 mg/ml BSA or in neurobasal medium

supplemented with 2% B27 (Brewer et al., 1993). The cultures were

fixed with 4% paraformaldehyde and 4% sucrose in 0.12 M phosphate

buffer for 20 min at 37 °C and immunofluorescence stainings were

carried out as described (Verderio et al., 1999).

High purity interneurons cultures

Primary interneuron cultures were prepared from the hippo-

campi and neocortices of 18-day-old rat embryos as described in

Berghuis et al. (Berghuis et al., 2004, 2005).

Synaptosome preparation

The purification of synaptosomes from rat forebrain was carried

out as described (Huttner et al., 1983). Samples with a protein content

of 80 μg were pelleted and resuspended in Krebs Ringer solution with

or without 2.5 mM Ca 2+ containing 55 mM KCl, or protease-inhibitor

cocktail if needed. The samples were kept for 5–40 min at 37 °C.

Treatment with 80 nM Botulinum toxin E was carried out for 2 h at

37 °C. At the end of the incubation, samples were mixed with SDS

containing sample buffer for western blotting analysis.

Animals

Animals were housed with a 12 h light/dark cycle with food and

water available ad libitum. All experimental procedures conformed to

the European Communities Council Directive 86/609/EEC.

Calpain activity measurements

Single cell calpain activity was measured in primary neuronal

cultures plated on glass coverslips. Control cells or cells pre-treated

with calpeptin, leupeptin or BAPTAwere loaded for 20minwith 50 μM

Boc-Leu-Met-CMAC in culture medium and then exposed to gluta-

mate or the ionophore A23187 for different periods of time. The

calpain substrate is retained within the cells by its progressive

conjugation with intracellular thiol groups. Cleavage of the substrate

results in intracellular retention of the chloromethyl aminocoumarin

moiety of the molecule thus leading to increased fluorescence

(Glading et al., 2000). Images of Boc-Leu-Met-CMAC loaded neurons

were acquired with a PCO SuperVGA SensiCam camera (Axon

Instruments, Forest City, CA) at excitation and emission wavelength

of 370 and 500 nm, respectively. Polichrome IV (TiLL Photonics,

Germany) was used as a light source. The image exposure settings

were maintained identical within each experiment but did vary

between experiments. The average intensity of Boc-CMAC-loaded

neurons in the somatodendritic regions was measured by META-

MORPH IMAGING Series 6.1 software (Universal Imaging Corporation).

In a set of experiments, images were also acquired from fixed cultures

stained with antibodies direct against GABA, to unequivocally identify

GABAergic neurons.

Intracellular calcium measurements in cultures

Cultures were loaded with the ratiometric calcium dye fura-2-

pentacetoxymethylester (2 μM) in Krebs–Ringer solution for 45 min at

37 °C (Verderio et al., 2004). Polychrome IV (TILL Photonics, Grafelfing,

Germany) was used as a light source. Fura-2 fluorescence images were

collected with a PCO Super VGA SensiCam (Axon Instruments, Forest

City, CA, USA) and analysed with Axon Imaging Workbench 2.2

software (Axon Instruments). Images were acquired at 1–4 Hz. After

excitation at 340 and 380 nm wavelengths, the emitted light was

acquired at 505 nm. Calcium concentration are expressed as F340/380

fluorescence ratio. “Ratio changes” indicate the amplitude of peak

calcium responses evoked by 30 mM KCl stimulation.

Confocal calcium microscopy in hippocampal slices

Digital fluorescence microscopy (Nikon, RCM8000) was used to

monitor the change in Indo-1 emission after cell loadingwith Indo-1 AM

(Molecular Probes, Invitrogen) as previously described (Pasti et al.,1997).

After excitation at a wavelength of 351 nm, the emitted light was

separated into its two components (405 and 485 nm), and the INDO-1

fluorescence ratio R (R405/485, the ratio of the intensity of the light

emitted at the two wavelengths 405 nm and 485 nm) was used to

express intracellular calcium changes on a pseudocolor scale. During

experiments, cultured cellswereperfused continuously (1.5–3mlmin−1)

with anextracellular solution consistingof (mM): 145NaCl, 5KCl,1CaCl2,

1MgCl2,1Na3PO4, 5.5 glucose,10HEPES and0.2 sulfinpyrazone, at pH7.4

with NaOH, at 32 °C. The sampling rate was 0.5 Hz. Somatic

diameters<11 μm and the absence of a clear apical dendrite were used

to distinguish interneurons from pyramidal neurons. (Alpar et al., 2004).

Interneuronswere distinguished fromother small cells such as astroglial

cells on the basis of the distinct kinetics of their calcium response to K+

stimulation, as previously reported (Pasti et al., 1997).

Western blotting — detection of cleaved SNAP-25 in primary cultures

and brain synaptosomes

Homogenates of primary cultures and lysates of cortical synapto-

someswere separated by electrophoresis, blotted on PVDFmembrane,

and SNAP-25 cleavage products were detected by incubating filters in

anti-SNAP-25 N-terminal monoclonal (directed against the epitope

containing amino acid (AA) residues 1–20) and C-terminal polyclonal

antibodies (directed against AAs 192–206) (1:10,000; Synaptic

Systems, Goettingen, Germany), monoclonal SMI 81 antibody

(1:200,000; Sternberger, Monoclonals Inc., Baltimore, MD), or mono-

clonal MAB331 antibody (1:1000; Chemicon, Temecula, CA, USA). The

monoclonal antibodies didn't produce any staining in brain homo-

genates from SNAP-25 knock out mice (data not shown).

Detection of cleaved SNAP-25 following epileptic seizures in vivo

C57Bl/6mice (n=15) were injected with a convulsive dose of kainic

acid (30 mg/kg, i.p.; Ocean Produce International, Shelburne, NS,

Canada) or with Kreb's Ringer solution (saline) (n=7). Effectiveness of

kainate was confirmed in all mice by behavioral observation.

Hippocampi were dissected 15, 30, 60 and 180 min after kainate

exposure. Protein extracts (25 μg) were separated by electrophoresis,

blotted, and filters were incubated with anti-SNAP-25 SMI 81

antibody. In a set of experiments addressing the effect of calpeptin

on SNAP-25 cleavage, mice (n=11) were anesthetized with avertin and

craniotomy was performed in the left hemisphere. A guide cannula

was positioned on top of the dura for the intrahippocampal injection

of calpeptin or its vehicle (0.25% DMSO in saline). Coordinates for

cannula implantationwere as follows: A–P −2.0, M–L 1.5 (in mm from

bregma). The cannulawas secured to the skull by acrylic dental cement.

Threedays after surgery,micewere split into twogroups andunilaterally

injected with either calpeptin (0.3 nM; n=6) or vehicle (0.25% DMSO in

saline; n=5). Injection was performed in freely moving mice using a

needle protruding 1.8 mm below the guide cannula. Kainic acid (30mg/

kg, i.p.) was given 15 min after the intrahippocampal injection. Mice

were killed 30–60min after kainate exposure and the left hippocampus

was dissected for the analysis of SNAP-25 cleavage products.

321C. Grumelli et al. / Molecular and Cellular Neuroscience 39 (2008) 314–323



Western blot quantitative analysis

Immunoreactive bands were acquired with an Image Scanner

(Amershampharmacia biotech, Uppsala, Sweden) with LabScan 3.00

software converted to TIFF format, and analyzed with Image J

software. The integrated density of immunopositive bands was

determined relative to background and results were analyzed with

Student's paired two-sample t test for statistically significant

differences of the means. Integrated density parameter was chosen

for analysis assuming that the strength of the signal depends on both

the intensity and the width of the stained band.

Whole-cell patch clamp electrophysiology

Experiments were performed at 12 days in vitro according to

published protocols (Berghuis et al., 2004). In brief, the extracellular

solution was continuously oxygenated and contained: 125 mM NaCl,

2.5 mMKCl, 25mM glucose, 25mMNaHCO3, 1.25mMNaH2PO4, 2 mM

CaCl2, and 1 mM MgCl2. The pipette solution contained: 115 mM K-

gluconate, 4 mM ATP-Mg, 10 mM Na-phosphocreatine, 0.3 mM GTP,

20 mM KCl, and 10 mM HEPES (pH 7.3; 310 mOsm/l). Microelectrodes

were pulled from borosilicate glass (uncoated, PG165T-10; Harvard

Apparatus, Edenbridge, Kent, UK) and had a resistance of 3.5–5.0 MΩ.

Whole-cell voltage and current-clamp recordings were obtained at

32–35 °C. Input resistance (IR) plots were constructed after incre-

menting current injections in neuronal soma. sIPSC recordings were

performed at a −70 mV holding potential. Data were analyzed off-line

using IGOR Pro (v. 4.0, WaveMetrics Inc., Lake Oswego, OR, USA) with

custom-written routines.

Extraction of mRNA and isoform-specific RT-PCR

Total mRNA from 7- and 12-day-old interneurons cultures was

extracted using Micro-FastTrack 2.0 Kit (Invitrogen, Milan, Italy).

Isoform-specific RT-PCR was performed using SNAP-25a and SNAP-

25b-specific primers (Grant et al., 1999). RT-PCR was performed by

using SuperScript One-Step RT-PCR System (Invitrogen). For each

reaction 5 ng of mRNA were used, and a total of 40 cycles were run.

The products of amplification were analyzed by 1.5% agarose gel

electrophoresis.

Reagents and antibodies

Polyclonal anti-GABA antibodies, monoclonal anti-microtubule,

and anti-syntaxin 1 antibodies, FURA-2/AM, BAPTA/AM, A23187 were

purchased from Sigma (Milan, Italy). Boc-Leu-Met-CMAC was from

Molecular Probes (Invitrogen). The monoclonal antibodies anti-β-III

tubulin was from Promega (Milan, Italy). Calpeptin was from Merck

Chemicals Ltd (Nottingham, UK).

Secondary antibodies were from Jackson Immunoresearch Labora-

tories. Recombinant human BDNF was obtained from Regeneron

(Regeneron Pharmaceuticals, Inc., Tarrytown, NY, USA). Human sera

from patients affected by Stiff-man syndrome and specifically

recognizing GAD, kind gift of Dr. M. Solimena, Dresden, Germany

(Solimena et al., 1990).

Statistical analysis

Results are presented as means±SEM. Data were statistically

compared using Student's t-test. Differences were considered sig-

nificant if p<0.05 (single asterisk), p<0.01 (double asterisks).
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In utero exposure to D9-tetrahydrocannabinol (D9-THC), the active

component from marijuana, induces cognitive deficits enduring

into adulthood. Although changes in synaptic structure and plas-

ticity may underlie D9-THC-induced cognitive impairments, the

neuronal basis of D9-THC-related developmental deficits remains

unknown. Using a Boyden chamber assay, we show that agonist

stimulation of the CB1 cannabinoid receptor (CB1R) on cholecysto-

kinin-expressing interneurons induces chemotaxis that is additive

with brain-derived neurotrophic factor (BDNF)-induced interneu-

ron migration. We find that Src kinase-dependent TrkB receptor

transactivation mediates endocannabinoid (eCB)-induced chemo-

taxis in the absence of BDNF. Simultaneously, eCBs suppress the

BDNF-dependent morphogenesis of interneurons, and this sup-

pression is abolished by Src kinase inhibition in vitro. Because

sustained prenatal D9-THC stimulation of CB1Rs selectively in-

creases the density of cholecystokinin-expressing interneurons in

the hippocampus in vivo, we conclude that prenatal CB1R activity

governs proper interneuron placement and integration during

corticogenesis. Moreover, eCBs use TrkB receptor-dependent sig-

naling pathways to regulate subtype-selective interneuron migra-

tion and specification.

corticogenesis u drug abuse u neurotrophin

Endogenous cannabinoids, such as anandamide (AEA) and
2-arachidonoylglycerol (2-AG), modulate synaptic plasticity by

the retrograde control of neurotransmitter release (1).Accordingly,
a compartmentalization of endocannabinoid (eCB) synthesis and
action has been demonstrated in adult brain (1–3). eCBs are
predominantly synthesized in dendritic compartments and signal
through presynaptic Gi/o protein-coupled CB1 cannabinoid recep-
tors (CB1Rs) (4–6). The adult phenotype of cannabinoid systems
is achieved through a series of developmentally regulated events
culminating in high CB1R expression on cholecystokinin (CCK)-
containing GABAergic interneurons (CB1R1 cells) in the hip-
pocampus and neocortex (3, 5, 6).

Recent studies have demonstrated the existence of functional
CB1Rs in developing cortical neurons (7). A coincidence of eCB
synthesis and release and CB1R activation within axonal growth
cones was postulated to provide an eCB-driven reinforcement loop
that regulates axonal growth and guidance (8). Although the
functional significance of CB1Rs during assembly of cortical neu-
ronal circuitries is unknown, their developmental impact is illus-
trated by long-lasting cognitive, motor, and social disturbances in
offspring exposed prenatally to cannabis (9, 10).

The majority of cortical interneurons are derived from extracor-
tical precursor pools and undergo long-distance migration before
inhabiting specific cortical layers (11, 12). Interneuron specification
is in part governed by epigenetic cues within the neocortex, includ-
ing brain-derived neurotrophic factor (BDNF) (12–14). Consider-
ing that pyramidal cells in the juvenile neocortex harbor the
capacity of eCB synthesis and release (15), we hypothesized that

eCBs can act as target-derived factors regulating interneuron
migration and morphogenesis during embryonic development.

By sorting CB1R1 interneurons, we show that AEA acts as
chemoattractant and regulates interneuron migration by TrkB
receptor transactivation. However, prolonged AEA exposure an-
tagonizes the BDNF-induced differentiation of cortical interneu-
rons. We also demonstrate that neuronal differentiation is associ-
ated with the simultaneous recruitment of CB1Rs and TrkB
receptors to axon terminal segments of developing CB1R1 inter-
neurons. Coincident targeting of these receptors establishes a
spatially segregated signaling platform where eCBs induce the
assembly of CB1RyTrkB complexes. These findings provide evi-
dence on the physiological role of eCBs during cortical develop-
ment. Increased density of hippocampal CCK1 interneurons after
prenatal D9-tetrahydrocannabinol (D9-THC) treatment reveals that
overactivation of CB1Rs on developing neurons can affect their
postnatal positioning and suggests that interfering with eCB sig-
naling during embryogenesis can prevent the proper patterning of
cortical neuronal networks.

Materials and Methods

Sorting of Interneurons. Immunomagnetic cell isolation with rabbit
antibodies recognizing the N terminus of the rat CB1R (4) and the
Kv3.1b subunit was performed on embryonic days (E)19y20 as
previously described in ref. 14. Interneurons sorted from fetal rat
cortices were maintained in DMEMyF12 containing 2% B27 or
used in Boyden chamber assays. Isolated interneurons were ex-
posed to 50–100 ngyml BDNF and 25–100 nM AEA (Tocris
Cookson, Bristol, U.K.) with or without 0.1 mM Src kinase inhibitor
PP2, 25 mM phosphatidylinositol 3-kinase inhibitor LY 294002, 10
mM phospholipase C-g inhibitor ET-18-OCH3, and 10 mM mito-
gen-activated protein kinase kinase inhibitor PD 98059 (all inhib-
itors from Cell Signaling Technology, Beverly, MA).

PCR Analysis. RT-PCRs were performed as described in ref. 14 with
the primers described in refs. 14 and 16. Real-time quantitative
PCR was carried out according to Castelo-Branco et al. (17). Total
RNA not incubated with reverse transcriptase was used as negative
control. BDNF primers were 59-TTTCTGCTGGAGGAATACA-
AAAA-39 (forward) and 59-ATGGGATTACACTTGGTCTC-
GTA-39 (reverse, 270 bp). Expression levels were normalized to
ribosomal 18S rRNA housekeeping standard obtained for every
sample in parallel assays in two independent experiments.
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Electrophysiology. Electrical signals in whole-cell configuration
were recorded as described in ref. 14. CB1R1 neurons on coverslips
were washed in DMEM before measurements. Input resistance
plots were constructed after incrementing somatic current injec-
tions. The GABAergic nature of spontaneous inhibitory postsyn-
aptic currents (sIPSCs) was determined by stepwise depolarization
of the recorded cell (270 to 120 mV) with 20 mM Cl2 in the
pipette solution. The GABAA receptor antagonist(1)-bicuculline
(Tocris Cookson) was applied at 1 mM in the extracellular solution
for 5 min, and sIPSC recordings were performed at 270 mV
holding potential.

Immunocytochemistry and Morphometry. Immunolabeling of free-
floating sections of adult Sprague–Dawley rats and cell cultures was
performed as described in ref. 14 with the following primary
antibodies: rabbit anti-CB1R (C-terminal, 1:500), goat anti-CB1R
(C-terminal, 1:500), rabbit anti-fatty-acid amide hydrolase

(1:1,000), mouse anti-nonphosphorylated neurofilament (1:1,000;
SMI-32, Affinity Research Products, Exeter, U.K.), mouse anti-
GAD65y67 (GAD, glutamic acid decarboxylase; 1:1,000; Stressgen
Biotechnologies, Victoria, Canada), mouse anti-b-III-tubulin
(1:500, Promega), rabbit anti-vesicular GABA transporter (1:500;
Synaptic Systems, Goettingen, Germany), and mouse anti-TrkB
receptor (1:500, BD Biosciences). Immunoreactivities were visual-
ized with carbocyanine 2- and 3-conjugated secondary antibodies
(1:200 in 2% BSA; Jackson ImmunoResearch). F-actin was re-
vealed by Alexa Fluor 546-tagged phalloidin (Molecular Probes).
After staining with 0.5% 1,19-dioctadecyl-3,3,39,39-tetra-methylin-
docarbocyanine perchlorate (Molecular Probes) for 20 min, images
were captured with a laser-scanning microscope (LSM510, Zeiss).
Neurite growth was studied at 6 days in vitro (DIV) with NEURONJ.

Chemotaxis Assay. BDNF and AEA (3106 diluted stock in ethanol)
were added to the lower wells of Boyden chambers, whereas 0.1 mM

Fig. 1. AEA induces themigration of CB1R-expressing interneurons. (A) In the adult neocortex, CB1Rs are localized to axon terminals of GABAergic basket cells

providing perisomatic innervation (arrows) to pyramidal cells (Pyr). (B) Isolated CB1R1 interneurons exhibit multipolar morphology. (C–F9) CB1Rs and fatty-acid

amide hydrolase (FAAH) accumulate in axon varicosities and growth cones. (Scale bars: A, 15 mm; B and D, 30 mm; C, 7 mm; E, F, and F9, 3 mm.) (G) Isolated cells

express interneuron markers, including GAD65, CCK, somatostatin (SOM), neuropeptide Y (NPY), calretinin (CR), and CB1R but not CB2R mRNA transcripts. (H)

Isolated neurons show regular (Upper) or irregular (Lower) discharge patterns at 8 DIV. (I) sIPSCs reveal a reversal potential of approximately 240 mV,

characteristic of GABA (n 5 12), and slow time courses t 5 63.36 16.5ms at 6 DIV. (J) BDNF (F(3,28)5 3.471; P 5 0.035) and AEA (F(3,28)5 4.948; P 5 0.010) induced

interneuronsmigrationandAM251blocked theAEA-induced chemotaxis. BDNForAEApresented in theupperand lower chambersdidnot induce cellmigration.

(K) BDNF (F(5,69)5 50.835; P , 0.001) but not AEA (P . 0.4) induced themigration of PV1 interneurons, which did not express CB1Rs as shown byWestern blotting

(Inset). Resultsof twotofive independentexperimentswereexpressedaspercentagesof thebasalmigration rate in thepresenceof vehicle.E,P ,0.05vs. control;

*, P , 0.05 vs. 100 ngyml BDNF, 1, P , 0.05 vs. 100 nM AEA. CB, calbindin D28K; F-A, F-actin; tubulin, b-III-tubulin, VIP, vasoactive intestinal polypeptide.
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K252a (Calbiochem), 200 nM N-(piperidin-1-yl)-5-(4-iodophenyl)-
1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide
(AM251, Tocris Cookson), and 0.1 mM PP2 were applied in the
upper chambers of a 96-well microplate (ChemoTx System, Neu-
roProbe, Gaithersburg, MD). CB1R1 interneurons (5,000 cells per
well) were added to the upper chamber and allowed to migrate
through polycarbonate filters (8-mm pore size) for 16 h at 37°C.
Cells that accumulated in the bottom chambers were fixed, stained
with cresyl-violet, and counted on the entire floor surface.

Cell Transfection. nnr5 PC12-TrkB cells stably transfected with a
TrkB cDNA (18) were transiently cotransfected with a pcDNA3
plasmid containing the full-length rat CB1R sequence fused with
the hemagglutinin epitope and a 59 preprolactin signal sequence.
Forty-eight hours later, the cells were serum-starved overnight.
Stimulation with BDNF, AEA, and 2-AG (both from 3106 diluted
stock in ethanol) was performed for the indicated periods. AM251
was applied for 60 min before exposure to AEA or 2-AG.

Immunoprecipitation and Western Blotting. Protein samples were
analyzed as described in ref. 14. Western blotting of BDNF from
culture media was performed by using rabbit anti-human BDNF
antibody (1:1,000, Promega) according to established protocols
(19). Immunoprecipitation was performed on interneurons at 3
DIV (20). Primary antibodies were mouse anti-TrkB receptor
(1:1,000, BD Biosciences), rabbit anti-CB1R (C-terminal 15 amino
acid residues, 1:1,000), mouse anti-hemagglutinin (1:1,000; Co-
vance, Richmond, CA), mouse anti-phosphotyrosine (1:1,000; PY-
99, Santa Cruz Biotechnology), phospho-Src kinase (1:1,000; Tyr-
416, Cell Signaling Technology), and rabbit anti-Src kinases
(1:2,000; c-Src, Santa Cruz Biotechnology). Blots were scanned in
a Storm 840 fluorimager and quantified with IMAGEJ 1.32j. Changes
in phosphorylation states were expressed as folds of the untreated
control value.

D9-THC Administration and in Situ Hybridization. Long–Evans female
rats (Charles River Breeding Laboratories) were implanted with a
permanent catheter secured to the right jugular vein and admin-
istered a daily i.v. injection of D9-THC (0.15 mgykg) or vehicle from
gestational day 5 to postnatal day 2. One hour after the last
treatment, pups were anaesthetized and their brains were dissected.
Sense and antisense probes were synthesized by in vitro transcrip-
tion of pGEM-T vectors (Promega) carrying inserts of the rat CCK
(position 314–606) and preproenkephalin (position 388–435)
cDNAs in the presence of [35S]uridine 59-[a-thio]triphosphate
(NEN). In situ hybridization was performed as described in ref. 21.
Cell counts and densitometry were performed on the entire hip-
pocampal surface in serial sections (at coordinates 22.80 to 24.3
mm relative to bregma). After determining the surface area, cell
numbers and hybridization signal density were expressed as milli-
meters squared and disintegrations per minute per milligram of
tissue, respectively.

Statistics. Data in pharmacological experiments were evaluated by
using ANOVA with Bonferroni’s post hoc test. Group comparisons
were performed with Student’s t test. A P value of ,0.05 was
considered as statistically significant. Data were expressed as
means 6 SEM.

Results

CB1Rs Identify a Subset of GABAergic Interneurons. High CB1R
expression on CCK1 interneurons throughout development and
adulthood (Fig. 1A) (3–6) prompted us to postulate that stimulation
of CB1Rs on partially specified interneurons by eCBs is instrumen-
tal for their proper positioning and morphogenesis. To determine
whether eCBs affect interneuron migration and differentiation, we
generated subset-specific interneuron cultures from E19y20 rat
cortices by immunomagnetic sorting for the CB1R (13, 16). Isolated

neurons (72,000 6 16,000 cells per embryo) exhibited bipolar or
multipolar somatodendritic morphologies (22) and were immuno-
reactive for the GABA-synthesizing enzyme GAD (.96%), vesic-
ular GABA transporter, b-III-tubulin, fatty-acid amide hydrolase,
and CB1Rs (Fig. 1 B–F9; see also Supporting Materials and Methods
and Table 1, which are published as supporting information on the
PNAS web site). CB1Rs were localized to axon varicosities (Fig. 1
E and F) and growth cones (Fig. 1F9) in immature interneurons and
were predominant on axon terminals of mature cells (data not
shown). RT-PCR confirmed the expression of CB1Rs, CCK, so-
matostatin, and neuropeptide Y mRNA transcripts by isolated
neurons (Fig. 1G), corroborating the neurochemical identity of
developing CB1R1 interneurons (3) (Fig. 6C, which is published as
supporting information on the PNAS web site).

CCK1 interneurons exhibit a predominant regular-spiking phe-
notype in vivo (5, 22). Whole-cell recordings of cultured CB1R1

cells revealed irregular or regular discharge patterns (Fig. 1H) with
frequencies ranging from 22 to 54 Hz. Synapse formation paralleled
the development of neuronal excitability (Fig. 6 A and B). The
reversal potential of sIPSCs was equivalent to that calculated for
GABA (248 mV, n 5 12) (Fig. 1I) and verified by the GABAA
receptor antagonist(1)-bicuculline (100 nM)-induced block of sIP-
SCs (n 5 5) (data not shown). Collectively, our data show that
selectively sorted CB1R1 interneurons acquire morphological and
electrophysiological properties of CCK1 GABAergic interneurons.

eCBs Are Chemoattractants. The layer-specific patterning of the
developing cortex is achieved by the active migration of pyramidal

Fig. 2. AEA and BDNF coregulate neurite development of CB1R1 interneu-

rons. (A and A9) Examples of cellular morphologies. (Scale bar: 40 mm.) (B)

Restingmembranepotentials at 6DIV (n 57 cells per condition). (C) BDNF (100

ngyml) induces neurite extension and branching. In contrast, AEA (100 nM)
inhibits neurite formation (n . 20 cells per condition) and suppresses the

BDNF-induced neurite growth. AM251 antagonizes the effects of AEA. Sig-

nificant BDNF–AEA interaction was noted in total length: F(3,47) 5 6.696, P 5

0.011. All treatments lasted for 6 DIV. Experiments were performed in tripli-

cate.E, P , 0.05;EE, P , 0.01 vs. control; *, P , 0.05; **, P , 0.01 vs. 100 ngyml
BDNF; 1, P , 0.05 vs. 100 nM AEA; #, P , 0.05 vs. combination.

Berghuis et al. PNAS u December 27, 2005 u vol. 102 u no. 52 u 19117

N
E
U

R
O

S
C

IE
N

C
E



cells and interneurons (12). Hence, we asked whether eCBs can
induce interneuron migration. The attractive properties of AEA
were analyzed in a Boyden chamber assay. We observed maximal
ligand-directed migration toward a 100 nM AEA concentration
(Fig. 1J) equivalent to its calculated EC50 value in microglia
migration assays (16). Treatment with the specific CB1R antagonist
AM251 blocked AEA-induced chemotaxis, confirming the involve-
ment of CB1R activation. CB1R dependency of this AEA-induced
migratory response was substantiated by showing that parvalbumin
(PV)-expressing interneurons lacking CB1Rs (14) do not migrate
toward AEA gradients (Fig. 1K).

Next, we tested whether BDNF, whose receptor, TrkB, is ex-
pressed on interneurons during cortical positioning (12, 13), induces
interneuron migration (23). BDNF significantly increased the mi-
gration of CB1R1 and PV-expressing interneurons at 50–100 ngyml
concentrations (Fig. 1 J and K). Notably, AEA modulated the
BDNF-induced migration of CB1R1 interneurons in an additive
fashion (Fig. 1J). Neither AEA nor BDNF induced chemokinesis
upon disrupting their gradients by adding these compounds to both
wells of Boyden chambers (Fig. 1J). Our data thus demonstrate that
eCBs act as chemoattractants and cooperate with BDNF signaling
to control interneuron migration.

eCBs Inhibit Interneuron Differentiation. BDNFcontrols interneuron
differentiation by triggering somatic growth, dendrite development,
and synapse establishment (13, 14). In contrast, eCBs were shown
to inhibit synapse formation (24). Hence, we studied whether eCBs
affect interneuron development and interact with neurotrophin
signaling by culturing CB1R1 interneurons in the presence of AEA,
BDNF, or both for 6 DIV. BDNF induced significant neurite
branching and elongation (Fig. 2 A and C). In contrast, AEA
inhibited neurite extension and also attenuated the BDNF-induced
growth response when applied simultaneously (Fig. 2 A, A9, and C).
The AEA-induced inhibition of neurite growth depended on CB1R
activation because AM251 significantly attenuated these effects.
Reduced hyperpolarization of interneuron membranes after AEA
and combined treatments lent further support to the AEA-induced
inhibition of interneuron differentiation (Fig. 2B). Because AEA
alone or in combination with BDNF did not affect synapse differ-
entiation (Fig. 7, which is published as supporting information on

the PNAS web site), we conclude that eCBs act as potent inhibitors
of dendrite arborization in developing interneurons.

eCBs Activate TrkB Receptors. Identification of integrated signaling
responses by the formation of TrkyG protein-coupled receptor
signaling complexes (25), and their affinity for G protein-coupled
receptor-mediated receptor transactivation (26, 27) suggest that
CB1Rs could regulate TrkB activity. Therefore, we assessed the
spatial distribution of CB1Rs and TrkB receptors in interneurons.
CB1Rs and TrkB receptors colocalized on axon terminal segments
of developing interneurons, providing a platform for signaling
interactions (Fig. 3A). Treatment of CB1R1 interneurons with
AEA induced a transient increase (at 15–30 min) in the phosphor-
ylation of membrane-targeted, fully glycosylated TrkB receptors
(Fig. 3B). In contrast, BDNF induced direct TrkB phosphorylation
as early as 5 min.

To overcome the sparseness of CB1R1 interneurons, we tran-
siently transfected nnr5PC12-TrkB cells (18)with the full-length rat
CB1R (PC12TrkB/CB1R cells). CB1R and TrkB receptors were found
on the plasma and intracellular membranes of PC12TrkB/CB1R cells,
and their close proximity suggested their simultaneous targeting to
specific membrane compartments (Fig. 8B, which is published as
supporting information on the PNAS web site). The time course of
AEA-induced TrkB receptor activation in PC12TrkB/CB1R cells was
comparable with that observed in primary cells, with its maximum
after 30 min of stimulation (Fig. 8C). Application of the CB1R
antagonist AM251 eliminated TrkB activation, confirming that this
mechanism was mediated by CB1Rs. The spatial association of the
two receptor types upon CB1R activation together with the eCB-
induced transactivation of Trk receptors presents a possibility for
heterocomplex formation by CB1R and TrkB receptors.

Real-time quantitative PCR and Western analyses on both
cortical cultures and PC12TrkB/CB1R cells demonstrated that AEA-
induced TrkB transactivation was not associated with increased
BDNF expression or release from preexisting intracellular pools
(Fig. 8 A and D). Therefore, it is unlikely that transactivation of
TrkB receptors involves BDNF.

Assembly of CB1RyTrkB Complexes. The formation of CB1RyTrkB
complexes was tested after AEA stimulation of PC12TrkB/CB1R cells
by immunoprecipitation of TrkB receptors. Immunoblot detection

Fig. 3. AEA activates TrkB receptors and induces the formation of CB1RyTrkB heterocomplexes. (A) TrkB and CB1Rs are codistributed along varicose axon segments
of CB1R1 interneurons (arrows). a, axon segment; V, varicosity. (Scale bar: 10mm.) (B) Time course of AEA activation of TrkB receptors on interneurons. BDNFwas used

as positive control. After immunoprecipitation, TrkB receptors phosphorylation was detected by immunoblotting (IB) with PY99 anti-phosphotyrosine (p-Tyr)

antibodies. (C)AEAinduces theformationofCB1RyTrkBheterocomplexes,as revealedbycoimmunoprecipitation (IP)of thetworeceptors.Receptorcomplexformation
was confirmed by detection of the hemagglutinin tag of transfected CB1Rs. (D) 2-AG also induces TrkB receptor transactivation at 30min, which is blocked byAM251.

(E) At 30 min, AEA activates Src family kinases and is blocked by PP2. PP2 also abolishes tyrosine phosphorylation of the TrkB receptor. Data were expressed as folds

of the corresponding unstimulated samples. Each panel is an example from two to seven independent experiments.
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revealed CB1Rs in immunoprecipitated fractions after AEA expo-
sure that was indicative of the assembly of CB1RyTrkB receptor
complexes (Fig. 3C). TrkB transactivation and CB1RyTrkB recep-
tor complex formation were also induced by 2-AG and inhibited by
AM251 (Fig. 3D).

Previous studies have highlighted a role for Src family kinases in
TrkA and epidermal growth factor receptor transactivation (27–
29). Here, AEA-activated Src family kinases, which was reversed by
the selective Src family kinase inhibitor PP2 (Fig. 3E). Significantly,
PP2-induced inhibition of Src family kinases abolished the AEA-
induced activation of TrkB receptors (Fig. 3E). Thus, our data
suggest that CB1R-mediated TrkB receptor association and trans-
activation is a mechanism triggered by multiple eCBs, and the
regulation of TrkB receptor activity is mediated through Src
tyrosine kinases.

Physiological Significance of CB1RyTrkB Signaling Interactions. We
addressed whether eCB-induced TrkB receptor transactivation is a
requirement for interneuron migration by inhibiting the Trk family
of receptor tyrosine kinases. K252a (30), applied in the upper wells
of the Boyden chamber assay, effectively blocked AEA-induced
interneuron migration, supporting our concept that the CB1Rs uses

the TrkB receptor signaling system to couple to a migratory
response (Fig. 4A).

Next, we tested whether modulation of TrkB signaling affects
the AEA-induced inhibition of interneuron differentiation by
exposure to AEA in combination with particular inhibitors for 6
DIV (Fig. 4B). Blockade of Src family kinases and mitogen-
activated protein kinase by PP2 and PD98059, respectively,
significantly enhanced neurite extension. In contrast, inhibition
of phosphatidylinositol 3-kinase by LY 294002 was detrimental
for neurite growth. Antagonism of phospholipase C-g activity
(ET-18-OCH3) did not affect neurite development. To address
whether prolonged inhibition of CB1RyTrkB receptor signaling
interactions by abating Src kinase activity could revert the
AEA-induced suppression of neurite growth, we exposed
BDNF-primed interneurons to AEA with or without PP2.
Sequential BDNF and AEAyPP2 treatments triggered neurite
formation, mimicking the effects of continuous BDNF treatment
(Fig. 4 C and C9). Collectively, our data show that eCBs suppress
neurite development of cortical interneurons by preferentially
affecting Src family kinase-mediated signaling pathways.

D9-THC Increases Interneuron Density In the Hippocampus. To pro-
vide a proof of concept for the putative role of CB1R signaling
during CNS development, we tested whether prenatal D9-THC
treatment affects the packing density of CCK-expressing interneu-
rons in the early postnatal hippocampus. We detected CCK ex-
pression by in situ hybridization after D9-THC treatment that
mimicked the effects and pharmacokinetic profile of marijuana
smoking in humans (31). D9-THC significantly increased the den-
sity of CCK1 cells and putative interneurons in the strata radiatum,
lacunosum-moleculare of the CA1–CA3 subfields (Fig. 5A and B),
and the hilar region. Unchanged preproenkephalin mRNA tran-
script levels, known to reveal CB1R-negative interneurons (3),
suggest that D9-THC effects predominate on hippocampal inter-
neuron subsets that constitutively express CB1Rs. We concluded
that prenatal D9-THC exposure can hamper interneuron position-
ing during corticogenesis.

Fig. 4. The significanceofCB1RyTrkB signaling interactionsduring interneuron
development. (A) Interneuronmigration induced by 100 nMAEA is abolished by

100 nM K252a. E, P , 0.05 vs. control; **, P , 0.01 vs. AEA. (B) Morphogenic

effects of AEA (100 nM) in combination with site-specific inhibitors of TrkB

receptor signaling at 6 DIV. F(5,69)5 9.124, P , 0.0001 (branching); F(5,69)5 5.190,

P , 0.0001 (total length); F(5,69) 5 4.359, P 5 0.002 (average length). *, P , 0.05.

**, P , 0.01 vs. AEA; E, P , 0.05; EE, P , 0.01 vs. LY294002; #, P , 0.05 vs.

ET-18-OCH3. (CandC9) Sequential treatmentwith 100ngymlBDNF (0–3DIV) and
100 nM AEA plus 0.1 mM PP2 (4–6 DIV) mimicked the BDNF-induced growth

response over 6 DIV. Horizontal dashed lines indicate the effects of 100 ngyml
BDNF continuously applied for 6 DIV. F(2,31) 5 5.023, P 5 0.013 (dendrite branch-

ing). E, P , 0.05 vs. control; *, P , 0.05 vs. BDNF. (Scale bar: 10 mm.)

Fig. 5. Prenatal D9-THC treatment increases the packing density of CCK-

expressing interneurons in the postnatal hippocampus. (A) CCK in situ hybrid-

ization reveals increaseddensities ofputative interneurons (arrows) across the

CA3 subfield. Dashed square indicates magnification location in B. (Scale bar:

250 mm.) g, stratum granulosum; pyr, stratum pyramidale; rad, stratum radia-

tum. (B) Cresyl-violet counterstaining verified that the in situ hybridization

signal was derived from single neurons (asterisk). (Scale bar: 5mm.) (C)D9-THC

treatment increases the density of CCK-expressing interneurons without af-

fecting preproenkephalin expression, a marker of vasoactive intestinal

polypeptide-containing GABAergic interneurons (Fig. 6C), in the dorsal hip-

pocampus [n 5 8 (control), n 5 11 (D9-THC)].
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Discussion

Cortical interneurons are derived from nonoverlapping segments of
the ganglionic eminences (11, 12), migrate tangentially, and pop-
ulate cortical laminae in an inside-out pattern (12). Although an
array of attractant and repellent signals, including neuroregulins,
Slit1y2, and semaphorins, direct long-distance interneuron migra-
tion (12, 32), little is known about intrinsic microenvironmental
factors that determine the proper placement and phenotypic dif-
ferentiation of particular interneuron subtypes.

BDNF, selectively expressed and secreted by pyramidal cells, is
a differentiation signal for GABAergic interneurons (12–14). How-
ever, it is unlikely that BNDF is the sole determinant of interneuron
specification. Given that (i) eCBs are synthesized throughout
development (33), (ii) CB1Rs are localized on neuronal growth
cones (8), (iii) CB1R expression in the neocortex undergoes a
striking restriction during the early postnatal period (3), and (iv)
prenatal exposure to marijuana hampers cognitive performance (9,
10), we reasoned that modulation of CB1R signaling could deter-
mine interneuron placement and morphology and the assembly and
plasticity of neuronal networks.

To define developmental processes regulated by CB1R signaling
upon stimulation with exogenous or endogenous agonists, we
sortedCB1R1 interneurons fromembryonic cortices.We identified
eCBs as chemoattractants for CB1R1 but not PV1 interneurons.
Significantly, K252a, a selective inhibitor of Trk tyrosine kinases
receptors (30), abolished the AEA-induced migratory response.
These observations establish a signaling interaction between CB1Rs
and TrkB receptors and show that eCBs use the TrkB receptor
signaling system to evoke interneuron migration. Considering that
BDNF-induced TrkB activation exhibits a rapid time-course and
AEA-induced TrkB phosphorylation occurs later, similar to other
reported G protein-coupled receptor agonists (26), we concluded
that sustained activation of TrkB receptors via temporally distinct
signaling mechanisms provides a basis for the additive effects of
BDNF and AEA when inducing the chemotaxis of interneurons.

The interaction of CB1R and TrkB signaling appear to be
localized to defined membrane compartments (34). This hypothesis
is supported by the assembly of CB1RyTrkB receptor complexes. In
addition, activation of Src family kinases was required for TrkB
receptor activation upon agonist stimulation of CB1Rs. These
findings provide a cellular platform for the eCB-induced activation
event of TrkB receptors.

Next, we addressed whether eCBs affect the morphological
specification of CB1R1 interneurons. AEA potently inhibited neu-
rite extension by a CB1R-mediated mechanism, because AM251

blocked the AEA-induced growth arrest. In contrast, BDNF in-
creased neurite growth and branching (12–14, 35). Notably, AEA
eliminated the BDNF-induced differentiation response. To under-
stand signaling mechanisms conferring the effects of AEA on
neurotrophin-induced neurite development, we used selective in-
hibitors of kinases (Src family, phosphatidylinositol 3-kinase, mi-
togen-activated protein kinase kinase, and phospholipase C-g)
known to mediate developmental effects of TrkB receptor activa-
tion. Inhibition of Src and mitogen-activated protein kinase kinases
induced significant neurite elongation and branching in the pres-
ence of AEA. In contrast, phosphatidylinositol 3-kinase inhibition
potentiated the AEA-induced diminution of neurite growth. Phos-
pholipase C-g kinases did not appear to be involved in the AEA-
induced inhibition of neurite development. The opposite effects of
AEA and BDNF on neurite extension suggest that temporally and
spatially distinct signaling events mediated by CB1Rs and TrkB
receptors (36) with a central role for Src kinase-induced down-
stream signaling (37), rather than receptor transactivation, may
provide the underlying mechanism.

Our results expose a role for eCBs during CNS development.
Specifically, eCBs provide a mechanism for the cellular control of
interneuron migration and differentiation by regulating neurotro-
phin actions. We propose that the placement of interneurons
migrating in the neocortex is determined by the temporal avail-
ability of target-derived eCBs and neurotrophins. Once proper
positioning is acquired, the extension of the dendritic tree is
directed by neurotrophins under the regulatory drive of eCBs.
Notably, these pathways appear to be significant to the develop-
ment of cortical neuronal networks, for which a balance of eCB and
neurotrophin signaling seems essential for the establishment of
inhibitory components. However, interfering with the delicate
balance of eCB signaling even with low concentrations of D9-THC
during embryogenesis triggered aberrant patterning of CCKy
CB1R-expressing interneurons in the early postnatal hippocampus.
The notion that D9-THC significantly affects this principal subset of
perisomatic inhibitory basket cells (38) suggests that an altered
inhibitory drive on pyramidal cells triggers discordant excitatory
output from hippocampal neuronal circuitries (2, 10).
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