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2.2.2 Tracing the connectivity of adult-generated neurons in the dentate 

gyrus in hGFAP-TVA transgenic mice

 Control injections of EnvA-pseudotyped RABV alone into the dentate gyrus of adult 

mice or injection of a retrovirus encoding DsRed, but not TVA or G, followed by EnvA-

pseudotyped RABV injection resulted in labelling by eGFP of neither granule neurons 

nor their local or long-distance projections, highlighting the specifi city of EnvA for the 

TVA receptor (Fig.2.19). The RABV G has been extensively studied and its importance 

in the retrograde transport of the virus has been unequivocally demonstrated 

(Etessami et al., 2000). In order to demonstrate the specifi city of the RABV G for 

transsynaptic transport via transcomplementation in our system, I designed a control 

retrovirus encoding TVA and DsRedExpress2 but no G (denoted as DsRedExpIRESTVA; 

Fig.2.26; Deshpande et al., in preparation, in collaboration with Francesca Vigano. The 

GlyIRESTVA EnvA-eGFP DAPI

Fig. 2.24. Monosynaptically traced cortical projections. 

(A) Overview of entorhinal cortex neurons labelled with eGFP following injection of EnvA-pseudotpyed 

RABV 5 weeks post G- and TVA-encoding retrovirus retrovirus injection. Enlarged image of the entorhinal 

cortex pyramidal neurons (white boxed area) is shown in A’. Enlargement of the dentate gyrus (yellow 

boxed area) is shown in A’’. Scale bar 100 µM. DG=dentate gyrus (Deshpande et al., in preparation). 
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expected result was that newborn granule 

neurons transduced with the DsRedExpIRESTVA control retrovirus would be infected 

with EnvA-pseudotyped RABV but no transsynaptic transport to putative presynaptic  

partners would occur from these neurons in the absence of G. Stereotactic injections 

of the DsRedExpIRESTVA control retrovirus into the dentate gyrus of adult mice 

followed by the second injection with RABV 3 weeks later resulted in double transduced 

newborn granule neurons in the SGZ (Fig.2.26; Deshpande et al., in preparation), as 

GlyIRESTVA EnvA-eGFP DAPI EnvA-eGFP DAPI

A B

Fig. 2.25. Transsynaptically traced neurons in the subiculum.

(A) Overview of the location of subicular neuron in relation to the dentate gyrus in a single optical section. 

(B) Magnifi ed and maximum intensity projection image of the boxed area in (A). (C) Example of EnvA-

pseudotyped RABV-traced neurons in the subiculum. Note that these these neurons were observed at 

the latest time point analysed (i.e., 7 weeks after injection of G- and TVA-encoding retrovirus in the DG). 

Scale bar=50 µM. DG=dentate gyrus; Sub=subiculum. 
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predicted. Surprisingly, there were also a few eGFP-only labelled cells having interneuron 

morphology restricted to the site of injection. These interneurons could not have been 

labelled transsynaptically since the presence of the glycoprotein on the surface of the 

rabies virion is imperative for its release at the synapse from the postsynaptic cell 

(Etessami et al., 2000). The rabies virus has been shown not to produce spurious 

labelling by passive diffusion (Ugolini, 2008). Hence, this unexpected result indicates 

direct infection of the small number of neurons in the dentate gyrus by EnvA-pseudotyped 

RABV. This primary infection must be due to the presence of TVA on the surface of these 

neurons. One explanation for this could be a retrovirus-associated phenomenon called 

pseudotransduction. On entering a cell, the retroviral RNA genome must be reverse 

transcribed into DNA and eventually stably integrated into the host genome in order to 

over-express the transgene(s) it carries. However, a non-integrating retroviral infection 

could result in low to medium level transgene expression (Haas et al., 2000). 
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Fig. 2.26. Pseudotransduction of TVA. 

(A) Retroviral construct encoding TVA but lacking G. (B) Injection of the TVA control retrovirus followed 

by EnvA-pseudotyped RABV, 3 weeks later led to labelling of granule neurons with both viruses (yellow 

arrows). It also resulted in labelling of some neurons with eGFP alone, probably due to expression of 

TVA on their cell membrane by pseudotransduction (white arrows). Scale bar 20 µM (Deshpande et al., 

in preparation). 
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This is termed pseudotransduction. Moreover, it is known that small amounts of TVA 

on the plasma membrane is suffi cient to render cells susceptible to infection by EnvA-

pseudotyped viruses (Bates et al., 1993). The time interval between retrovirus and 
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Fig. 2.27. Pseudotransduction of TVA. 

(A) Direct labelling of hilar interneurons with eGFP after injection of EnvA-pseudotyped RABV 3 weeks 
post G- and TVA-encoding retrovirus injection, probably due to pseudotransduction (white arrows). 
(B) Direct labelling of hilar interneurons on injecting EnvA-pseudotyped RABV 5 weeks after retroviral 
injection indicates low turnover of TVA on the cell membrane. Note that the labelling is restricted to the 
site of injection. Scale bar 50 µM.
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Fig. 2.28. Pseudotransduction of TVA. 
(A) Quantifi cation of the absolute number of EnvA-pseudotyped RABV-only transduced local neurons. 
(B) Their relative proportion compared to double-transduced neurons (n=3-5 mice per experimental 
condition; *p<0.05) (Deshpande et al., in preparation).
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EnvA-pseudotyped RABV injections was then increased to 5 weeks, assuming that 

there must be a turnover of TVA on the cell membrane. Once again, this also resulted 

in the primary labelling of hilar interneurons restricted to the site of injection (Fig.2.27). 

Importantly, however, the proportion of interneurons infected by RABV following injection 

of the TVA-encoding control retrovirus was much lower as compared to that obtained 

when a G- and TVA-encoding retrovirus was used (Fig.2.28; Deshpande et al., in 

preparation). Notably, no mossy cells or long-distance projections were labelled using 

the DsRedExpIRESTVA control retrovirus at shorter or longer time intervals between 

retrovirus and EnvA-pseudotyped RABV injections. 

 Taken together, this data suggests that the hilar neurons directly infected with 

EnvA-pseudotyped RABV may be pseudotransduced causing them to express minute 

quantities of the TVA receptor on their surface which remains stable enough to allow 

infection by EnvA-pseudotyped RABV 3 or 5 weeks later but no transsynaptic transport 

occurs in the absence of rabies virus glycoprotein. 

 We speculated that the confounding results obtained due to TVA-mediated 

pseudotransduction could be circumvented if we avoid introducing the TVA receptor 

into the system via a retrovirus. Therefore, a transgenic mouse line that expresses TVA 

under the human glial fi brillary acidic protein (GFAP) promoter was used (hGFAP-TVA; 

Fig.2.29; Holland et al., 1998; Holland and Varmus, 1998). The hGFAP promoter is 

active in parenchymal astrocytes and aNSCs residing in the SGZ of the dentate gyrus 

that eventually give rise to granule neurons. Therefore, in the hGFAP-TVA mice, cell 

types having an active hGFAP promoter would be susceptible to EnvA-pseudotyped 

RABV infection. We further hypothesized that TVA protein expression may persist long 

enough to allow EnvA-pseudotyped RABV infection in the progeny of aNSCs and when 

combined with a G-encoding retrovirus, may allow for transsynaptic tracing of their 

putative presynaptic partners. Before using this mouse line for transsynaptic tracing 

experiments, different cell types in the dentate gyrus that are transduced by EnvA-

pseudotyped RABV were determined. At 2 days post EnvA-pseudotyped RABV infection, 
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more than 65% of the cells labelled with eGFP were GFAP-positive radial glia-like or 

horizontal astrocytes in the subgranular zone, 25% were positive for Doublecortin (Dcx), 

a marker for immature neurons and 5% were mature granule neurons (Deshpande et 

al., in preparation). At 12 days post infection, majority of the cells labelled with eGFP 

were immunopositive for GFAP or Dcx (Deshpande et al., in preparation). However, no 

local interneurons, mossy cells or long-distance projection neurons were found to be 

labelled with eGFP. This result indicates that expression of TVA is restricted to aNSCs 

and does persist in their progeny including adult-generated granule neurons (Fig.2.29-

31).  

 For labelling presynaptic partners of newborn neurons, a retrovirus encoding G 

and DsRed reporter was injected into the dentate gyrus of 8-week old hGFAP-TVA mice 

(Fig.2.32). When this was followed by EnvA-pseudotyped RABV injection 5 days later 

(sacrifi ce at day 10), double labelled granule neurons and very few local interneurons 

G
F
A

P

EnvA-eGFP DAPI

B

Fig. 2.29. Cell types labelled with EnvA-pseudotyped RABV in hGFAP-TVA mice. 

(A) The quail TVA gene driven under the human GFAP promoter with part of the mouse protamine 

gene supplying an intron and polyadenylation site (Holland et al, 1998; Holland and Varmus, 1998).  (B) 

Representative example of EnvA-pseudotyped RABV-infected cells in hGFAP-TVA mice 4 days after 

injeciton. Most of the cells labelled are in the glial lineage or young neurons. Scale bar 20 µM.
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was observed. On injection of EnvA-pseudotyped RABV 10 days after retrovirus injection 

and allowing longer intervals between EnvA-pseudotyped RABV injection and sacrifi ce, 

there was a substantial increase in the number of local interneurons labelled with eGFP 

(Deshpande et al., in preparation; Fig.2.33). A population of these interneurons was 

also found to be immunoreactive for parvalbumin (Fig.2.33). This labelling pattern is 
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Fig. 2.30. Cell types labelled with EnvA-pseudotyped RABV only in the hGFAP-TVA mice. 

(A) A GFAP-positive EnvA-pseudotyped RABV-labelled cell. Yellow arrows point to the colocalization 
of the immunoreactive signal. A’ and A’’ show single channel images of the colocalization. (B) Example 
depicting GFAP-positive horizontal astrocyte targeted by EnvA-pseudotyped RABV. B’ and B’’ show single 
channel images of the colocalized area in D (yellow arrows). Scale bar 20 µM. 
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Fig. 2.31. Cell types labelled with pseudotyped RABV alone in the hGFAP-TVA mice. 

(A) Example of an EnvA-pseudotyped RABV-labelled cell Dcx-postiive newborn neuron. Yellow arrows 
point to the colocalization of the immunoreactive signal. A’ and A’’ show enlarged single channel images 
of the colocalization. (B-B’) Two examples depicting mature neurons targeted by EnvA-pseudotyped 
RABV. Scale bar 20 µM.  
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Fig. 2.32. Schematic of monosynaptic tracing in hGFAP-TVA mice. 

(A) Retrovirus and RABV constructs. (B) Scheme of transsynaptic tracing in the hGFAP-TVA mice. 

Injection with EnvA-pseudotyped RABV alone leads to infection of cells in the glial lineage and a small 

number of newborn neurons. Injection with EnvA-pseudotyped RABV following the G-encoding retrovirus 

results in infection of aNSCs and their progeny including newborn neurons and subsequent transsynaptic 

transport to presynaptic neurons. 
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Fig. 2.33. EnvA-pseudotyped RABV-traced neurons in the dentate gyrus of hGFAP-TVA mice. 

(A) Newly generated neuron transduced with G-encoding retrovirus and EnvA-pseudotyped RABV (yellow 

arrow). White arrow indicates an interneuron in the MLalso immunoreactive for parvalbumin (inset). Scale 

bar 50 µM. ML=molecular layer.
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reminiscent of that observed in the dentate gyrus of adult C57Bl6 mice after injection of 

the G- and TVA-encoding retrovirus and EnvA-pseudotyped RABV (Fig.2.14-15,18) as 

well as the location, morphology and axonal arborisations of eGFP-only labelled cells 

suggest that they are local interneurons.  

   Additionally, I also observed labelling of mossy cells in the hilus (Fig.2.34) 

and eventually long-distance projections from the MS-NDB with eGFP, which were 

confi rmed to be cholinergic in nature by immunoreactivity for ChAT(Fig.2.35; Deshpande 

et al., in preparation). These data indicate that following transcomplementation by G, 

transsynaptic labelling of local interneurons and long-distance projections by RABV can 

be clearly demonstrated in the hGFAP-TVA mice. 

 These mice can therefore be an alternative approach to study the presynaptic 

connectome of adult-generated granule neurons originating from aNSCs, with the added 

advantage of avoiding the confounding effect of pseudotransduction.
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Fig. 2.34. EnvA-pseudotyped RABV-traced neurons in the dentate gyrus of hGFAP-TVA mice. 

(A) Two putative mossy cells labelled with eGFP alone, 3.5 weeks after G-encoding retrovirus injection 

and 1 week after EnvA-pseudotyped RABV injection. Magnifi cation of the boxed area in A is shown in 

A’. Thorny excrescences of the putative mossy cell in A (white arrows) are enlarged in A’’. Scale bar 50 

µM. DG=dentate gyrus; H=hilus.   
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Fig. 2.35. Cholinergic projections to adult-generated neurons in hGFAP-TVA mice. 

(A) Neuron in the medial septum labelled with eGFP 3.5 weeks after G-encoding retrovirus injection 

and 1 week after EnvA-pseudotyped RABV injection. (B) EnvA-pseudotyped RABV-traced neuron in 

the nucleus of the diagonal band of Broca. (C) Colocalization of choline acetyltransferase (ChAT) and 

eGFP in EnvA-pseudotyped RABV-traced neurons in the medial septum. Insets show magnifi ed images 

of single channels. Scale bar 20 µM.  
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2.3 In vivo implementation of the monosynaptic tracing technique

2.3.1 Tracing of presynaptic partners of adult-generated neurons in the 

olfactory bulb

 To assess the connectivity of adult-generated neurons in the olfactory bulb, 

I stereotaxically injected the G- and TVA-encoding retrovirus into the SEZ of the 

lateral ventricle of adult C57Bl6 mice (Fig.2.36). Progenitors in the SEZ give rise to 

neuroblasts that tangentially migrate along the rostral migratory stream (RMS) and 

ultimately differentiate into specifi c subtypes of interneurons in the granule cell layer 

(GCL) or glomerular layer (GL) of the adult olfactory bulb. After their generation in the 

SEZ, it takes about 6 days for the neuroblasts migrating along the RMS to reach the 

olfactory bulb. Taking advantage of this fact, the  RABV was injected into the RMS 4 

days after retrovirus injection in the SEZ (Fig.2.36). The objective was to target the 

retrovirus-infected neuroblasts, expressing TVA and G, with EnvA-pseudotyped RABV 
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Fig. 2.36. Implementation of the tracing technique in the adult olfactory bulb. 

(A) Viral constructs. (B) Injection time points employed in the adult olfactory system. (C) Scheme of 

sequential virus delivery: (1) Injection of retrovirus into the SEZ, followed by EnvA-pseudotyped RABV 

infection of migrating neuroblasts in the RMS; (2) Injection of retrovirus into the SEZ, followed by EnvA-

pseudotyped RABV injection in the OB. SEZ=subependymal zone; RMS=rostral migratory stream; 

OB=olfactory bulb.
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as they migrated along the RMS. On reaching the olfactory bulb and differentiating into 

either granule cells or periglomerular cells (PGC), the EnvA-pseudotyped RABV would 

be transported to presynaptic partners of these neurons via transcomplementation of 

G (Fig.2.36). In a second injection paradigm, the G- and TVA-encoding retrovirus was 

stereotactically injected into the SEZ and EnvA-pseudotyped RABV was delivered 

directly into the olfactory bulb, at 28 or 56 days after retroviral injection, aiming at EnvA-

pseudotyped RABV infection of presynaptic partners of adult-generated neurons upon 

their integration in the olfactory bulb (Deshpande et al., in preparation; Fig.2.36). 

 In both injection paradigms, granule cells in the olfactory bulb transduced with G- 

and TVA-encoding retrovirus and EnvA-pseudotyped RABV were observed (Fig.2.37). 

Occasionally, double-transduced neurons in the GL were also observed (Fig.2.38). 

GL
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Gly2ATVA EnvA-eGFP DAPI

Fig. 2.37. Adult-generated granule cells in the olfactory bulb. 

(A) Example of a newborn granule cell (yellow arrow) in the GCL, transduced with the G- and TVA-

encoding retrovirus and EnvA-pseudotyped RABV. Inset shows the magnifi ed image of the spiny basal 

dendrite of the newborn cell (boxed area). Panels A’ and A’’ show single channel images of the granule 

neuron in A. Scale bar 50 µM. GL=glomerular layer; EPL=external plexiform layer; ML=mitral cell layer; 

GCL=granule cell layer.  
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Notably, eGFP-only labelled neurons both in the GCL and the GL exhibiting an interneuron 

morphology were observed, suggesting transsynaptic spread from adult-generated granule 

cells or PGCs to their respective presynaptic partners (Fig.2.39). The morphplogy of 

these eGFP only-labelled local neurons is similar to that of short-axon cells which form 

a major population of inhibitory interneurons in the olfactory bulb.  For example, the 

large, stellate cell bodies and multipolar dendrites of some eGFP-labelled cells bear a 

striking resemblance to deep short-axon cells such as Blanes cells that are known to 

innervate granule cells (Fig.2.39,40). Besides these, there were different types of eGFP 

only-labelled neurons in the GCL, internal plexiform layer, external plexiform layer and 

even GL (Fig.2.41). Their morphology was markedly different from mitral or tufted cells 

indicating that they probably belong as well to the rather heterogeneous category of 

short-axon cells. 

 However, conspicuous by the absence of their labelling were the principle neurons 

of the olfactory bulb, mitral and tufted cells. Granule cells and PGCs form dendrodendritic 

reciprocal synapses in the external plexiform layer with the lateral dendrites of mitral 

cells and tufted cells in the olfactory bulb (Shepherd, 2003). There were no EnvA-

GL
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Gly2ATVA EnvA-eGFP DAPI

Fig.. 2.38. Adult-generated periglomerular cells in the olfactory bulb. 

(A) Example of a newborn periglomerular cell (yellow arrow) in the GL, transduced with the G- and TVA-

encoding retrovirus and EnvA-pseudotyped RABV. Insets show the enlargements of single channel 

images of the newborn neuron. (B) Another example of a newborn periglomerular cell in the GL. Scale 

bar 20 µM. GL=glomerular layer. 
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Fig. 2.39. EnvA-pseudotyped RABV-traced neurons in the olfactory bulb. 

(A) Example of EnvA-pseudotyped RABV-traced neurons (white arrows) in the GCL. Several newborn 

neurons double transduced with retrovirus and RABV can also be seen in the same fi eld (A’; yellow arrows). 
(B) Examples of EnvA-pseudotyped RABV-traced (white arrows) and newly generated neurons (yellow 
arrows) in the olfactory bulb. Insets show single channel images of the newborn neurons (boxed area). 
Scale bar 50 µM. GL=glomerular layer; EPL=external plexiform layer; ML=mitral cell layer; GCL=granule 
cell layer.  

GL

EPL

ML

GCL

GCL

Gly2ATVA retrovirus EnvA-eGFP DAPI

A A’

B

EnvA-eGFP DAPI

G
ly

2
A

T
V

A
 r

e
tr

o
v
ir

u
s

Fig. 2.40. EnvA-pseudotyped RABV-traced neurons in the olfactory bulb. 

(A) Overview of transsynaptic tracing in the GCL. Magnifi cation of the boxed area in A is shown in A’. 
The eGFP only-labelled neuron with a large cell body and multiple dendrites closely resembles a deep 
short-axon cell in morphology. Scale bar 100 µM. GL=glomerular  layer; EPL=external plexiform layer; 
ML=mitral cell layer; GCL=granule cell layer.  

GCL

EPL

GL

A A’



Results

77

pseudotyped RABV-labelled mitral cells or tufted cells even after extended periods 

following EnvA-pseudotyped RABV injection into the RMS or olfactory bulb (Fig.2.42). 

A B C

Fig. 2.41. EnvA-pseudotyped RABV-traced neurons in the olfactory bulb. 

(A-C) Examples of EnvA-pseudotyped RABV-traced neurons in the GCL. Morphologically they look similar 

to short-axon cells. Scale bar 50 µM. GCL=granule cell layer.  

EnvA-eGFP DAPI

GCL GCL GCL

G
ly

2
A

T
V

A
 E

n
v
A

-e
G

F
P

 D
A

P
I

Reelin

GCL

EPL

ML

Fig. 2.42. Absence of mitral cell labelling by RABV. 

Newly generated granule neurons in the olfactory bulb labelled with G- and TVA-encoding retrovirus and 

EnvA-pseudotyped RABV (yellow arrows) extending their dendrites to the EPL (red arrow) where they 

form dendrodendritic synapses with mitral cells. Mitral cells (white arrows) are labelled with specifi c marker 

Reelin. Scale bar 50 µM. GCL=granule cell layer; ML=mitral cell layer; EPL=external plexiform layer.
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 It has been suggested that new granule cells receive glutamatergic input either 

from the axon collaterals of mitral/tufted cells or from centrifugal fi bres. Moreover, 

immunohistochemical and electron microscopical studies showing centrifugal fi bres 

synapsing onto newborn granule cells in the olfactory bulb suggest that centrifugal inputs 

to the olfactory bulb form the fi rst synapses onto newborn granule cells (Whitman and 

Greer, 2007). But the origin of these fi bres remains unclear. Both injection paradigms 

in the olfactory bulb resulted in labelling of neurons ,with eGFP, in the anterior olfactory 

nucleus (AON) and the piriform cortex which are known to innervate granule cells via 

axodendritic synapses (Fig.2.43). These results confi rm that newborn bulbar interneurons 

are targets for corticofugal control by neurons in the AON and piriform cortex. 
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Fig. 2.43. Monosynaptically traced long-distance projections to adult-generated neurons in the 

olfactory system.

(A) Overview of G- and TVA-encoding retrovirus and EnvA-pseudotyped RABV injection in the olfactory 

system. Boxed area depicts neurons in the anterior olfactory nucleus (AON) transsynaptically labelled 

with EnvA-pseudotyped RABV. A’-A’’ show magnifi ed images of the boxed area in A. Scale bar 100 µM. 

(B) High power magnifi cation of an EnvA-pseudotyped RABV-traced neuron in the AON. (C)  Example 

of an EnvA-pseudotyped RABV-traced neuron in the piriform cortex. Scale bar 50 µM. GL=glomerular  

layer; EPL=external plexiform layer; ML=mitral cell layer; GCL=granule cell layer.
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3 Discussion
 

 The above work describes a novel retrovirus-based approach to target adult-

generated neurons for primary RABV infection and retrograde transfer to study the 

presynaptic connectome of newborn neurons in the adult dentate gyrus and olfactory 

bulb in vivo. Establishing this seemingly straightforward technique presented with several 

challenges and tested the effectiveness of RABV as a transneuronal tracer as well as 

provided some useful insights into the integration of newborn neurons into the adult 

neuronal circuits.

3.1 Rabies virus to reveal the presynaptic connectome of adult-generated 

neurons

  The main advantage of this monosynaptic tracing technique is the specifi city 

of the EnvA-pseudotyped RABV for infecting not only the targeted cell population but also 

for retrogradely spreading exclusively to synaptically connected neurons. Furthermore, 

retrovirus mediated-delivery of TVA and G ensures stable transduction specifi cally of 

adult-born neurons and retains their expression throughout maturation. This permits 

tracing of presynaptic partners of newborn neurons at any time during their maturation by 

introducing the EnvA-pseudotyped RABV. In this regard, injecting the EnvA-pseudotyped 

RABV into neural progenitors or neurons at different stages following their birth revealed 

increasingly diverse populations of presynaptic partners suggestive of the gradual 

incorporation of adult-generated neurons into functional neural circuits. 

 However, this technique, robust and reliable as it is, has its limitations which to 

a certain extent can be overcome by tweaking the experimental design. Firstly, very 

few transsynaptically labelled neurons were observed in both systems indicating an 
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undersampling of presynaptic neurons, as was observed also in other monosynaptic 

tracing studies (Callaway, 2008; Marshel et al., 2010). One explanation for this could be 

the level of activity in neuronal networks. It is currently not known if the EnvA-pseudotyped 

RABV has a greater competence for propagating across active synapses compared to 

inactive ones. This caveat makes the monosynaptic tracing technique a qualitative rather 

than quantitative method. Increasing sensory stimulation by enriched environments may 

increase the basal level of neuronal activity and it would be interesting to apply this 

technique in this context to increase the number of presynaptic inputs labelled. Even so, 

it should be noted that sparse projections had strongly eGFP-positive cells due to the 

replication competence of EnvA-pseudotyped RABV. Secondly, there seems to be a clear 

bias in the transsynaptic transfer of RABV with respect to the type of synapse involved 

as demonstrated by the absence of eGFP-labelling of mitral or tufted cells (discussed 

later). Transfer across axodendritic synapses, however, was found to occur specifi cally, 

regardless of the GABAergic or glutamatergic nature of their neurotransmitters. 

3.1.1 Specifi city of retrovirus and RABV-based monosynaptic tracing: the 

pseudotransduction conundrum

 Construction of a retrovirus encoding TVA but lacking G and stereoractically 

injecting it into the dentate gyrus of 8-10 week old C57Bl/6 mice, followed by a second 

injection with EnvA-pseudotyped RABV resulted in the labelling of local interneurons (as 

assessed by their morphology, location and axonal distribution) with eGFP which was 

unexpected because retrograde transsynaptic transport of RABV is strictly dependent 

on G. Further investigation into this perplexing result led back to the VSVG-coated 

retrovirus that had been used to introduce TVA into newborn neurons. Pseudotyping a 

retrovirus (or lentivirus) with VSVG renders it pantropic, resistant to ultracentrifugation 

and freezing (Lever et al., 2004). However, using a VSVG-pseudotyped virus also results 

in substantial occurrence of pseudotransduction which may be due to translation from 

the unintegrated viral mRNA or due to protein transfer, i.e., proteins produced from the 

transgenes in the packaging cells that are delivered via retroviral particles to the infected 

cell (Haas et al., 2000). The duration of protein expression depends on the stability of 
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the transduced mRNA (or protein) and on the infected cell type (Haas et al., 2000), 

although it has been speculated in one study on neutrophils that the pseudotransduced 

proteins may be non-functional (Geering et al., 2011). This was not the case in the 

present study as it led to the appearance of ‘mislabelled’ eGFP-positive interneurons. 

The VSVG-coated retrovirus encoding TVA may have infected local interneurons in the 

dentate gyrus and either released the TVA protein into the cytosol or expressed it from 

the unintegrated viral mRNA, which got transported to the cell membrane rendering 

these interneurons susceptible to primary EnvA-pseudotyped RABV infection. This, 

combined with the fact that even low levels of TVA are suffi cient to allow infection by 

EnvA-pseudotyped RABV led us to hypothesize that some of the interneurons labelled 

in our experiments with the TVA-encoding retrovirus and EnvA-pseudotyped RABV, 

were most likely due to pseudotransduction of TVA. Interestingly, the TVA produced 

by pseudotransduction remained stable on the plasma membrane for several weeks 

as direct labelling of interneurons was observed on injection of EnvA-pseudotyped 

RABV, 3 and even 5 weeks post retroviral injection. However, there were no detectable 

levels of DsRedExpress in the pseudotransduced neurons. One fact advocating the 

pseudotransduction hypothesis was that occurrence of ‘eGFP-mislabelled’ neurons 

was restricted to the site of injection (300-400 µM around the injected area) as opposed 

to ubiquitous labelling of eGFP-positive interneurons, along the septotemporal axis of 

the dentate gyrus, labelled by bona fi de transsynaptic transport. In order to assess the 

amount of pseudotransduction, I compared the proportion of eGFP-labelled interneurons 

per double-transduced newborn granule neurons after injection of the TVA-encoding 

retrovirus with those obtained after injection of the G- and TVA-encoding retrovirus. A 

signifi cantly lower proportion of eGFP-positive interneurons were present in mice injected 

with TVA retrovirus than that in mice injected with G- and TVA-encoding retrovirus. This 

means that a substantial proportion of interneurons labelled in our experiments with 

G- and TVA-encoding retrovirus is due to true retrograde transport of RABV between 

synaptically connected neurons. This inference is further strengthened by the fact that 

no long-range projections to the dentate gyrus were labelled on injecting the TVA-

encoding retrovirus followed by EnvA-pseudotyped RABV at any time point tested. 
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These experiments confi rmed that this strategy does not label neurons whose axons 

pass through the injection site.

 Nevertheless, to eliminate the possibility of pseudotransduction and to unequivocally 

label local interneurons, I made use of transgenic mice engineered to express TVA 

under the hGFAP promoter. This promoter is active in parenchymal astrocytes as well 

as in aNSCs in the dentate gyrus and SEZ.  In fact, these mice have been used in a 

previous study to demonstrate that GFAP-positive astrocytes in the SEZ are NSCs in 

the adult mammalian brain (Doetsch et al., 1999). Therefore the hypothesis was that 

injection of the EnvA-pseudotyped RABV into the SGZ of hGFAP-TVA mice would result 

in labelling of GFAP-positive aNSCs and their progeny. Injection of EnvA-pseudotyped 

RABV alone into the dentate gyrus of these mice resulted predominantly in labelling, by 

eGFP, of cells in the glial lineage and Dcx-positive immature neurons. The proportion 

of Dcx-positive neurons increased with time indicating that it was possible to label the 

progeny of GFAP-positive aNSCs in the dentate gyrus. Some eGFP-labelled mature 

granule neurons were also observed, pointing towards a high stability of TVA on the 

cell membrane. This was not relevant, however, because for the transsynaptic tracing 

experiments, a retrovirus was used which only transduced proliferating cells. Moreover, 

there were no local interneurons or long-range projections labelled with eGFP. In 

contrast, using a G-encoding retrovirus in combination with EnvA-pseudotyped RABV 

resulted in labelling of presynaptic partners of newborn neurons in the hGFAP-TVA 

mice. Pseudotransduction by G is not of concern because the pseudotransduced cells 

expressing glycoprotein on their cell membranes would never be directly infected by 

EnvA-pseudotyped RABV. 

 Using this alternative system, it was possible to label, with eGFP, local interneurons 

and mossy cells as well as long distance projections. Importantly, adapting the retrovirus-

based approach to hGFAP-TVA mice yielded a similar pattern of presynaptic connectivity 

of newborn neurons compared to wild-type mice, thus confi rming the overall applicability 

and specifi city of the RABV-based monosynaptic tracing approach. 
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3.2 Identifying the presynaptic partners of newborn neurons in the adult 

dentate gyrus 

3.2.1 Local connectivity

3.2.1.1 Hilar interneurons

 The dentate gyrus comprises among granule neurons, hilar mossy cells and 

glial cells, a variety of local interneurons known to be connected to granule neurons. 

They all have GABA as their primary neurotransmitter. However, they are a remarkably 

heterogenuous mix divided into subclasses based on the location of their cell bodies, 

axonal and dendritic distributions, neurochemical markers expressed and physiological 

characteristics (Houser, 2007; Somogyi and Klausberger, 2005). Among these are the 

parvalbumin positive basket cells and axo-axonic cells that form synapses on cell bodies 

and axon initial segments of granule neurons, respectively. The cell bodies of these 

interneurons are located near the GCL although some are also found at the junction of 

granule cell and molecular layers while their axonal arbors are restricted to the GCL. 

Basket cells are distinguishable by their apical dendrites that ascend along the entire 

length of the ML. Their terminals form inhibitory synapses with cell bodies and proximal 

dendrites of granule neurons (Houser, 2007). Another prominent interneuron type in 

the dentate gyrus is the somatostatin-expressing neurons that have their cell bodies 

located in the hilus while their axons arborise in the outer ML. Somatostatin terminals 

synapse primarily with dendrites of granule neurons (Katona et al., 1999). Many of 

the somatostatin-expressing interneurons in the dentate gyrus are considered to be 

HIPP neurons as their axonal arbors are located in the region where the perforant path 

fi bres terminate. Hilar interneurons also express the marker, Neuropeptide Y (NPY) 

and there is substantial co-localization of NPY and somatostatin in the hilus (Kohler 

et al., 1987). Given that their axons terminate in the outer ML or in the hilus, many of 

the NPY-expressing interneurons could be HIPP cells (Houser, 2007). Besides these, 

other prominent interneuron subtypes in the dentate gyrus are the Hilar Commissural-

Association pathway-associated (HICAP) cells that have their cell bodies in the hilus and 

project to the inner third of the ML as well as MOPP cells with their cell bodies, axonal 

and dendritic trees restricted to the outer ML (Halasy and Somogyi, 1993). Áccordingly, 
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stereotaxic injection of the G- and TVA-encoding retrovirus followed by EnvA-pseudotyped 

RABV in the dentate gyrus enabled the visualisation of local monosynaptic inputs of 

adult-generated granule neurons, from a variety of dentate interneurons. The eGFP only-

positive cell bodies immunoreactive for parvalbumin were typically located at the interface 

of the hilus and GCL and their axonal arbor spanning the GCL strongly suggesting that 

they may be fast-spiking basket cells (Freund and Buzsaki, 1996). I also observed co-

localization of eGFP with somatostatin and their location within the hilus and dendritic 

arbors indicated that they may be HIPP neurons (Freund and Buzsaki, 1996). There 

were also eGFP-labelled cell bodies in the ML, their morphology and location indicating 

that they were MOPP cells but further neurochemical characterization still remains to 

be completed. Notably, the number of transsynaptically labelled interneurons increased 

with longer duration of EnvA-pseudotyped RABV infection. However, intervals longer 

than two weeks between EnvA-pseudotyped RABV injection and sacrifi ce resulted in 

some toxicity in the infected cells. Labelling of interneurons was observed between 3-5 

weeks after retrovirus injection (i.e. birth of granule neurons) and even earlier in some 

experiments, corroborating previous work showing that local interneurons provide the 

fi rst source of input to newborn granule neurons (Esposito et al., 2005). 

3.2.1.2 Mossy cells

 The transsynaptic tracing technique also revealed another neuron type in the 

hilus called the hilar mossy cell that is the local source of glutamatergic input to granule 

neurons in the dentate gyrus via the commissural/associational pathway. Surprisingly, 

eGFP-labelled mossy cells were detected as early as 10 days after retrovirus injection 

indicating that the fi rst glutamatergic inputs to adult-born granule neurons may arise from 

hilar mossy cells while those from the entorhinal cortex appear only later. The mossy 

cell axons project to the ipsilateral and contralateral inner ML and also have collaterals 

in the hilus (Ribak et al., 1985). Although there were no eGFP-labelled mossy cells in 

the contralateral dentate gyrus, the ipsilateral dentate gyrus had several eGFP-labelled, 

large mossy cells, readily distinguishable by their triangular or multipolar cell bodies with 

thorny excrescences, which are large and complex spines present on their proximal 

dendrites (Amaral et al., 2007). These results indicate that the RABV can propagate 

across GABAergic as well as glutamatergic synapses.
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3.2.1.3 Glial cells

 The appearance of eGFP-positive astrocytes along dendrites of double-transduced 

granule neurons and oligodendroglia in the fi mbria fornix indicate that there exist 

glia-neuron interactions that allow the transport of RABV. Astrocytes, via perisynaptic 

processes, can integrate and process synaptic information and control or modulate 

synaptic transmission and plasticity (Santello et al., 2012). It has been hypothesized 

that astrocytic perisynaptic processes may be involved in the development of dendritic 

spines on newborn granule neurons and that gliotransmission may assist in the synaptic 

integration of these neurons (N. Toni, personal communication). The presence of 

eGFP-positive astrocytes around newborn granule neurons suggests that astrocytic 

perisynaptic processes might play an important role in adult neurogenesis, however 

further investigation is required to ascertain this. 

3.2.2 Infl uence of local interneurons and mossy cells on adult neurogenesis

 Given that different types of GABAergic interneurons reside within the dentate 

gyrus in close proximity to aNSCs and have dendritic and axonal distribution restricted 

to its boundaries, it would not be too forward to consider that they may play an important 

role in the regulation of adult neurogenesis. Indeed, several studies have demonstrated 

the role of GABA in the proliferation and differentiation of type-2 cells that are the 

progeny of aNSCs in the dentate gyrus. Tonic GABA was shown to regulate hippocampal 

neurogenesis by demonstrating decreased proliferation in the dentate gyrus of mice 

lacking the GABA
A
 receptor subunit α4, responsible for generating tonic inputs (Tozuka 

et al., 2005). Also, GABAergic input to Nestin-positive cells in the adult hippocampus 

has been shown to promote neuronal differentiation. The calcium infl ux generated by 

the depolarizing action of phasic GABA has been shown to stimulate the expression 

of proneural gene, NeuroD (Tozuka et al., 2005). There is some evidence that GABA 

may promote maturation of adult-generated dentate granule neurons by stimulating 

dendrite growth and spine density. Studies have shown that immature granule neurons 

treated with a GABA
A
 receptor antagonist have shorter dendrites and decreased spine 

density (Sun et al., 2009) as opposed to neurons treated with a GABA
A
 receptor agonist 
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which have longer dendrites (Ge et al., 2006). Although enough evidence points to the 

importance of GABA for regulation of adult neurogenesis, virtually nothing is known 

about the source of this GABA. For example, it has been suggested that stimulation 

of basket cells enhances tonic currents in adult-generated granule neurons (Ge et 

al., 2006) while another study suggested that neurogliaform cells or Ivy interneurons 

provide the initial source of GABAergic signalling to newborn neurons in the adult 

hippocampus (Markwardt et al., 2009). Recently it was demonstrated that tonic GABA 

released by parvalbumin-positive interneurons, in the adult dentate gyrus, maintained the 

quiescence of aNSCs and inhibited symmetrical self-renewing as well as astrogliogenic 

divisions through GABA
A
 receptors containing the γ

2
 subunit (Song et al., 2012). This 

regulation persisted under normal physiological conditions and in response to specifi c 

experiences. Since parvalbumin-positive interneurons are under direct modulation 

by dentate granule cells and by entorhinal cortex cells, the authors suggest that the 

parvalbumin interneuron-mediated coupling of local circuit activity to aNSC regulation 

may be an adaptive mechanism where high circuit activity maintains aNSCs quiescent 

while a decrease in neuronal activity propels them into activation (Song et al., 2012). 

 Modulation of interneurons by the inputs they receive in turn infl uences their 

inhibition of granule neurons. One such regulatory mechanism is the feed-forward 

inhibition of granule neurons, mediated by several types of interneurons. Distal dendrites 

of parvalbumin-positive interneurons (basket cells) are located in the outer two-thirds 

of the ML which harbors the afferents to the dentate gyrus, arising mainly from the 

entorhinal cortex. These interneurons are suitably positioned to provide feed-forward 

inhibition to the granule neurons, in response to excitatory inputs to their dendrites 

in the ML (Houser, 2007). MOPP cells that receive input directly from the entorhinal 

cortex are also known to provide feed-forward inhibition to granule neuron dendrites in 

the ML as their cell bodies and dendrites are ideally located to receive input from the 

perforant path (Ferrante et al., 2009). In addition to feed-forward inhibition, cell bodies 

of HIPP and HICAP cells are located in the hilus and they receive considerable input 

from granule neurons, providing feedback-inhibition of dentate granule neurons (Houser, 

2007). Similarly, parvalbumin-positive interneurons (basket cells) are innervated by axon 



Discussion

89

collaterals of mossy fi bres on their cell bodies and proximal dendrites, thus providing 

strong feedback inhibition of the granule neurons (Amaral et al., 2007; Houser, 2007) . 

 The role of mossy cells in modulating adult neurogenesis is not yet clear however 

it has been speculated that they are responsible for increasing the activity of granule 

neurons generated after status epilepticus (Pierce et al., 2007). Survival and integration 

of new neurons has been shown to be dependent on activation of NMDARs by glutamate, 

typically in the second to third week after neuronal birth (Tashiro et al., 2006). This 

time window coincides with the appearance of mossy cells in the monosynaptic tracing 

experiments in wild-type as well as hGFAP-TVA mice, suggesting that these cells 

might be the source of glutamate mediating NMDAR activation. Besides regulation of 

neurogenesis, hilar interneurons and mossy cells could also be involved in regulating 

the function of adult-generated neurons such as the proposed role of HIPP cells and 

mossy cells in the dynamic regulation of pattern separation (Myers and Scharfman, 

2009). The RABV-based monosynaptic tracing technique allowed for the identifi cation 

of different types of interneurons that directly innervate adult-generated granule neurons 

consistent with the GABA-dependent regulation of adult neurogenesis and possibly 

other functions as well as mossy cells as immediate presynaptic partners of newborn 

neurons.

3.2.3 Long-distance projections

 Longer time intervals between retrovirus and EnvA-pseudotyped RABV injections 

(i.e. allowing further maturation of newborn granule neurons) allowed labelling of several 

long-range projections of dentate granule neurons. Long distance afferent input to the 

dentate gyrus arises from several different regions. These afferents regulate the activity 

of the dentate gyrus by infl uencing granule neurons, interneurons and progenitors. 

The major intrahippocampal long-range projection to dentate gyrus originates from the 

entorhinal cortex, the axons of which innervate granule neurons and form excitatory 

glutamatergic synapses onto their dendrites in the upper two-thirds of the ML (Amaral 

et al., 2007). The entorhinal cortex is a six layered structure, subdivided into lateral and 

medial entorhinal cortex (LEC and MEC, respectively). Fibres originating in the LEC 



Discussion

90

terminate in the outer one-third of the dentate ML and those from the MEC terminate in 

the middle one-third. Axons of neurons in the entorhinal cortex project to the ipsilateral 

dentate gyrus via the perforant path. These neurons are located almost exclusively in 

layer 2 of the entorhinal cortex (Witter, 2007). The perforant path is the fi rst component 

of a trisynaptic, supposedly unidirectional loop that links the dentate gyrus, CA3 and 

CA1 subfi elds together. In the RABV-based transsynaptic tracing experiments, labelling 

of cells was observed exclusively in layer 2 of the entorhinal cortex (as identifi ed by the 

location of the neurons in the entorhinal cortex). Notably, consistent with previous studies 

(Toni et al., 2007), labelling of this afferent system was observed only at the latest time 

point assessed, i.e., at least 5 weeks after the birth of dentate granule neurons.  

 Rabies virus-mediated transsynaptic tracing technique also identifi ed a potentially 

novel afferent input to newborn granule neurons, originating in the subiculum. The 

subicular complex is a part of the hippocampal formation consisting of the subiculum, 

presubiculum and the parasubiculum (O’Mara, 2005). Using the anterograde neuronal 

tracer, Phaseolus vulgaris leucoagglutinin (PHA-L), it was demonstrated that fi bres 

originating in the presubiculum and parasubiculum send a minor projection to the ML of 

the DG, interspersed between the lateral and medial perforant path projections (Kohler, 

1985). The nature of postsynaptic neurons or the neurotransmitters used was however 

not known. The subicular complex receives input from the CA1 fi eld of the hippocampus, 

the entorhinal cortex, hypothalamic nuclei, medial septum/nucleus of the diagonal band, 

anterior thalamic nuclei and minor projections from the brainstem. It, in turn, projects 

to many cortical and subcortical targets (O’Mara, 2005) and therefore, is considered a 

major output of the hippocampus. Retrograde tracing using EnvA-pseudotyped RABV 

revealed a subicular-dentate monosynaptic connection, suggesting that the subiculum 

may in fact be a presynaptic partner of adult-generated granule neurons. The subiculum 

has been implicated to play a role in spatial navigation, memory processing and control 

of response to stress (O’Mara, 2005). In light of the emerging role of newborn neurons 

in spatial learning, memory consolidation and mood regulation, it may be possible that 

the subicular projection to the dentate gyrus plays a role in modulating the function of 

adult-generated neurons. Therefore, it would be interesting to investigate the precise 
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nature of the subicular-dentate projection in order to better understand its functional 

implications. 

 The dentate gyrus also receives subcortical afferent inputs originating in the basal 

forebrain, namely, MS-NDB, the ventral tegmental area (VTA), locus coeruleus and the 

raphe nucleus (Amaral et al., 2007). There are two types of afferents originating in the 

MS-NDB, terminating on different cell types in the dentate gyrus. The cholinergic afferents 

preferentially innervate the dentate granule neurons while the GABAergic neurons 

terminate on interneurons (Leranth and Hajszan, 2007). Moreover, nicotinic AchRs are 

known receptors of RABV at the neuromuscular junction (Jackson and Wunner, 2007). 

Consistent with this, the RABV-based tracing technique labelled cholinergic (but not 

GABAergic) projections arising from the MS-NDB, indicating that cholinergic synapses 

in the CNS are also amenable to RABV propagation. However, no eGFP labelling was 

observed in the brainstem inputs such as those originating from the raphe nuclues, locus 

coeruleus or the VTA. The reasons for this could be (i) nature of neurotransmitter release 

at the terminal or (ii) inability of RABV for transsynaptic transfer at specifi c synapses. 

A previous study using the CVS strain of RABV to identify neurons involved in the 

olfactory pathway, described that the virus did not label neurons in the locus coeruleus, 

the source of noradrenergic fi bres to the olfactory bulb and only weakly labelled the 

serotonergic afferents arising in the raphe nucleus (Astic et al., 1993). The authors 

argue that noradrenergic terminals are non-permissive to RABV transsynaptic transfer 

and also that the virus has low infection capacity for serotonergic fi bres arising from 

raphe nucleus (Astic et al., 1993). The RABV G used in RABV-mediated monosynaptic 

tracing experiments belongs to the CVS strain, it might potentially explain the absence 

of labelling in the locus coeruleus and raphe nucleus. Moreover, it is known that axons 

of one class of neurons originating in the raphe nucleus release serotonin at non-

synaptic sites, acting on neurons expressing 5-HT-1/2 receptors (Kosofsky and Molliver, 

1987) while the axons of a second type of neuron forms synapses with GABAergic 

interneurons that express the 5-HT3 receptors (Halasy et al., 1992). The VTA provides 

a sparse dopaminergic input to the dentate gyrus. Dopamine fi bres are found in close 

proximity of aNSCs and different cell types in the dentate gyrus respond to dopamine 
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by activation of distinct receptors (D1-D5), the exact mechanisms for which are not fully 

elucidated (Leranth and Hajszan, 2007). However, absence of labelling of neurons in 

the VTA in the RABV-mediated tracing technique may suggest that dopamine may be 

indirectly infl uencing newborn dentate granule neurons.  

3.2.4 Role of afferents in adult neurogenesis

 Neurotransmitters released by the afferent systems to the dentate gyrus have 

been shown to regulate the activity of aNSCs and also the integration of newborn 

neurons into the existing circuitry. As dentate granule neurons receive major excitatory 

innervations from the entorhinal cortex, glutamate plays an infl uential role in modulating 

adult neurogenesis at several levels. Cameron et al (1995) showed that NMDAR 

activation had a negative effect on proliferation of aNSCs while treatment with NMDAR 

antagonists or lesions of the entorhinal cortex increased the birth of neurons in the 

GCL (Cameron et al., 1995). It has also been shown that survival of newborn dentate 

granule neurons is competitively regulated by the relative levels of NMDAR activation 

(Tashiro et al., 2006). Furthermore, the infl uence of NMDAR activation on newborn 

neuron survival was restricted to the third week after birth, a critical period associated 

with synapse formation (Tashiro et al., 2006). Additionally, NMDAR-dependent plasticity 

of adult-born granule neurons, mediated by the NR2B subunit, has been shown to be 

important for fi ne contextual discrimination which supports the proposed role of dentate 

granule neurons in pattern separation (Kheirbek et al., 2012). 

 Infl uence of acetylcholine on adult neurogenesis was demonstrated by lesions 

in the basal forebrain cholinergic system which led to impaired dentate neurogenesis 

(Mohapel et al., 2005). Activation of the α7-nicotinic AchR has been reported to be critical 

in regulating the conversion of GABA-induced depolarization into hyperpolarization in 

adult-born neurons, which is in turn required for switching the initially excitatory action 

of GABA into an inhibitory one. Adult-generated neurons in mice lacking the α7-nicotinic 

AchR have severely truncated dendritic arbors in addition to a prolonged depolarizing 

chloride gradient (Campbell et al., 2010). One of the earliest connections observed in 

the EnvA-pseudotyped RABV-based tracing technique were cholinergic projections 
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arising from the MS-NDB, about 10-14 days after retrovirus injection, a time window 

coinciding with the acetylcholine-mediated reversal of the chloride gradient underlying 

the GABA switch (Deshpande et al., in preparation). Our study is the fi rst to visualize 

the cholinergic projection from the MS-NDB onto adult-generated neurons and our data 

corroborates with other studies implicating nicotinic receptors in the development of 

adult-born neurons. 

 The effect of serotonin on neurogenesis is well known by several studies on 

antidepressant treatments (Santarelli et al., 2003). Serotonin is mainly produced by 

neurons in the brainstem raphe nuclei and is known to activate several receptors, most of 

which are expressed in the dentate gyrus. Serotonin is thought to regulate neurogenesis 

via 5-HT-1A receptors - agonists of 5-HT-1A have been shown to increase the number of 

BrdU-labelled cells in the rat dentate gyrus (Santarelli et al., 2003), while antagonists of 

5-HT-1A reduced the number of newborn dentate granule neurons by about 30% (Radley 

and Jacobs, 2002). Other serotonin receptors that might be involved in serotonin-mediated 

increase in neurogenesis are 5-HT-4, 5-HT-6 and 5-HT-7 (Duman et al., 2001). All of 

them seem to act on neurogenesis indirectly by activating the cAMP-CREB cascade 

leading to increase in levels of BDNF. Brain DNF then may increase the release of 

serotonin thereby stimulating neurogenesis through increased activation of 5-HT-1A 

receptors (Duman et al., 2001). Since serotonin receptors are present on different cell 

types in the hippocampus, serotonin might not be acting directly on newborn granule 

neurons to regulate neurogenesis. The absence of labelling by the monosynaptic tracing 

technique of serotonergic neurons in the raphe nuclei is consistent with an indirect effect 

of serotonin on neurogenesis in the dentate gyrus. 

 Despite of the huge variety of neurotransmitters, the receptors and several 

pathways of regulation, the afferent connection to the dentate gyrus stems from a small 

number of neurons that terminate on a specifi c population of neurons, to exert their 

effects. The RABV-mediated transsynaptic tracing technique successfully allowed for 

the identifi cation of some of these direct afferent systems to adult-born neurons while it 

is likely that some neuromodulatory afferents were in fact not labelled due to limitations 

of the technique. 
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 In summary, the development of the presynaptic connectome of adult-generated 

neurons in the dentate gyrus of C57Bl6 as well as hGFAP-TVA transgenic mice exhibited 

a precise temporal pattern with local interneurons and mossy cells forming the fi rst 

connections, followed by afferent innervation from the MS-NDB and fi nally glutamatergic 

innervation from the entorhinal cortex (Fig.3.1). The gradual incorporation of newborn 

neurons into the pre-existing circuits observed in this study further supports the notion 

that integration of adult-generated neurons is a highly regulated process that ensures the 

survival of only those neurons that have correctly integrated. This step-wise incorporation 

may have evolved to ascertain that the recruitment of newborn dentate gyrus granule 

neurons into the hippocampal trisynaptic circuit occurs only when they have reached 

functional maturity at the cellular level and  have been incorporated accurately into the 

local circuit (Deshpande et al., in preparation).

3.3 Identifi cation of the presynaptic partners of newborn neurons in the 

olfactory bulb

 Due to the fact that there are multiple subtypes of newborn neurons in the adult 

olfactory bulb, in contrast to the dentate gyrus where there is a single type, assigning a 

specifi c population of presynaptic neurons to its postsynaptic newborn subtype is more 

diffi cult. Inspite of this, employing the RABV-mediated monosynaptic tracing technique 
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Fig. 3.1. Temporal pattern of presynaptic connectivity of newborn dentate granule neurons. 

Summary of the identity and location of RABV-labelled presynaptic neurons appearing during the course 
of maturation of adult-born DG neurons in hGFAP-TVA and C57BL/6 mice. ML=molecular layer; MS-
NDB=medial septum and the nucleus of the diagonal band of Broca; EC=entorhinal cortex (Deshpande 
et al, in preparation).
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in the olfactory bulb provided interesting insights into presynaptic partners of adult-

generated neurons. Considering that nearly 95% of newborn neurons arriving in the 

olfactory bulb are granule cells (only about 5% being PGCs) (Shepherd, 2003), it can 

be postulated that majority of the presynaptic neuron populations identifi ed indeed form 

synapses onto granule cells.

 

3.3.1 Local connectivity and its infl uence on neurogenesis

 The major excitatory (and regulatory) input to granule cells and PGCs in the 

olfactory bulb comes from the principle projection neurons, the mitral and tufted cells. This 

connection occurs mostly via reciprocal dendrodendritic synapses. Immunohistochemical 

studies with specifi c pre- and postsynaptic markers as well as ultrastructural evidence 

has confi rmed the formation of the reciprocal dendrodendritic synapse between newborn 

granule cells and mitral cells, beginning at about 21 days after birth of granule cells in 

the SEZ (Whitman and Greer, 2007). Obviously, I expected that the RABV-mediated 

tracing technique would identify mitral and tufted cells as presynaptic partners of 

newborn bulbar interneurons. However, stereotaxic injection of the G- and TVA-encoding 

retrovirus in to the SEZ followed by EnvA-pseudotyped RABV injection into the RMS or 

olfactory bulb failed to label mitral or tufted cells, even after extended periods to allow 

for the formation of dendrodendritic synapses. However, it has been previously shown 

that electroporation of G- and TVA-encoding plasmids in the perinatal SEZ followed 

by postnatal injection of EnvA-pseudotyped RABV in the olfactory bulb resulted in the 

labelling of mitral cells (Arenkiel et al., 2011). One reason for this discrepancy could be  

that the pattern of synapse development in postnatal- and adult-generated neurons is 

different. There may be changes in the structure or function of axon terminals synapsing 

onto these two populations of granule cells resulting in the absence of mitral cell labelling 

in the adult olfactory bulb in our study. Another possibility is that the inherent nature of 

the dendrodendritic synapse may pose a hindrance to the trassynaptic transport of the 

rabies virus. In general, all studies involving the retrograde transsynaptic transport of 

RABV have focused on networks involving axodendritic connectivity of neurons. Rabies 

virus has been demonstrated to effi ciently cross axodendritic synapses irrespective 



Discussion

96

of the neurotransmitter used (Ugolini, 2010). Mature granule cells receive synapses 

on their cell bodies and proximal domain of the apical dendrites as well as on their 

basal dendrites from centrifugal projections and axon collaterals of mitral and tufted 

cells. In the adult olfactory bulb, Whitman and Greer, using electron microscopy, have 

demonstrated the presence of glutamatergic synapses between axon terminals and 

GFP-encoding retrovirus-labelled newborn granule cells in the GCL (Whitman and 

Greer, 2007). However, they do not distinguish whether these axon terminals originate 

from centrifugal fi bres or axon collaterals of mitral and tufted cells. Therefore, another 

explanation for the absence of labelling in mitral cells in this study could be that newborn 

granule cells may not be innervated by axon collaterals in the time window examined. 

 Our technique, however, did reveal monosynaptic connections of newborn granule 

cells (and PGCs) with other neurons in the olfactory bulb. Besides mitral and tufted cells, 

granule (and periglomerular) cells receive GABAergic input from within the bulb, the 

exact source of which was not clear. The most likely candidates are the inhibitory short-

axon cells that form a heterogeneous population within the mouse olfactory bulb (Eyre 

et al., 2008). They have been characterised by the location of their cell bodies, structural 

features and neurochemical properties. They are called short-axon cells because contrary 

to projection neurons, their axonal arbors, albeit extensive, are largely restricted within 

the olfactory bulb. Many of these short-axon cells are immunoreactive for calcium binding 

proteins like calbindin, parvalbumin or for nitric oxide synthase, however, many of them 

do not co-localize with these markers (Kosaka and Kosaka, 2011). Moreover, very little is 

known about their axonal arborizations, their intrinsic electrical properties, their synaptic 

inputs, their postsynaptic targets and consequently their function in contributing to the 

odor information processing. Deep short-axon cells have their cell bodies in the GCL 

or IPL while superfi cial short-axon cells are located in the EPL or GL. Deep short-axon 

cells can be classifi ed as Blanes cells, Golgi cells, vertical cells of Cajal, horizontal cells 

as well as some multipolar and bilpolar cells (Kosaka and Kosaka, 2010). One type of 

deep short-axon cell in the GCL having a stellate cell body and multiple dendrites, the 

Blanes cell, has been shown to monosynaptically inhibit granule cells through GABA
A
 

receptors (Pressler and Strowbridge, 2006). Persistent activation of these feed-forward 
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GABAergic interneurons mediates tonic inhibition of granule cells and therefore Blanes 

cells are positioned to disynaptically regulate mitral and tufted cell activity (Fig.3.2; 

Pressler and Strowbridge, 2006). The authors of this study also suggest that because 

Blanes cells may potentially innervate hundreds of granule cells, thus spiking activity 

in Blanes cells may represent a novel mechanism to generate synchronous activity in 

subpopulations of olfactory bulb neurons (Pressler and Strowbridge, 2006). By electron  

microscopy and electrophysiological recordings, Eyre et al (2008) have demonstrated 

that granule cells are indeed postsynaptic targets of deep short-axon cells (Eyre et 

al., 2008). Certain short-axon cells send interglomerular axons over long distances to 

form excitatory synapses with inhibitory periglomerular neurons (Aungst et al., 2003). 

Interglomerular excitation of PGCs has been shown to inhibit mitral cell activity in the 

on-centre-off-surround circuit (Aungst et al., 2003). A recent study also reported that 

a population of short-axon cells closely resembling the van Gehutchen cells may be 

presynaptic to postnatal-born granule cells and this connectivity could be signifi cantly 

increased on odor stimulation, suggesting that short-axon cells may modulate the 

capacity of postnatally generated granule cells to integrate within the bulbar circuitry 

(Arenkiel et al., 2011). The RABV-mediated tracing technique described here, labelled 

F OSNFrom OSNs

(+)

(-)

(-)

MC

GC

To cortex( )

(-)

MC

To cortex(+)

Blanes cell

Fig. 3.2. Feedforward mechanism of disinhibition by Blanes cells.

Excitation of MC activates Blanes cells through glutamate release at axon terminals. Blanes cells make 

axonal GABAergic synapses onto GC (that normally inhibit MC at dendrodendritic synapses) inhibiting 

them. Inhibition of GC could lead to disinhibition of MC. (+) excitatory synapse; (-) inhibitory synapse; 

GC=granule cell; MC=mitral cells (adapted from Schoppa, N.E., 2006).
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several morphologically distinct short-axon cells in different layers of the olfactory bulb. 

These include large, multipolar cells deep within the GCL and although neurochemical 

analysis is required to confi rm the identity of these traced cells, their characteristics 

strongly suggest that they may be Blanes cells. Monosynaptic tracing also revealed 

eGFP-only cells in the IPL and the GL with extensive axonal arborisation in the EPL or 

GCL morphologically resembling superfi cial short-axon cells. Besides these, there were 

several eGFP-only short-axon cells lying in clusters within the GCL. This data would 

indicate that adult-generated granule cells (and PGCs) are also targets for innervation 

by short-axon cells. Further characterisation of these short-axon cells with respect to 

the neurochemical identity and fi ring pattern would shed light on which of these cells are 

involved in synapse formation on newborn neurons. Since very little is known about the 

function of short-axon cells in regulating granule cell and PGC activity, their infl uence on 

adult-generated bulbar interneurons can only be speculated. Similar to their role in mature 

circuits, short-axon cells may indirectly control the activity of mitral and tufted cells by 

inhibiting newborn granule cells as they integrate into the networks. More interestingly, 

similar to interneurons in the dentate gyrus, they may selectively control the integration 

of newborn granule cells by directing their activity in specifi c odor networks that favour 

synapse formation and survival (Arenkiel et al., 2011). 

3.3.2 Long distance connectivity 

 Centrifugal input to the olfactory bulb arises from various brain regions. These 

can be divided into glutamatergic inputs from the AON, piriform cortex (belonging to 

the olfactory cortex), LEC and periamygdaloid cortex that are known to excite granule 

cells through AMPAR and NMDAR as well as modulatory inputs from the NDB, dorsal 

and medial raphe nuclei and locus coeruleus (Whitman and Greer, 2007). Rabies virus-

mediated tracing labelled neurons located in the AON and the piriform cortex, on injecting 

the G- and TVA-encoding retrovirus in the SEZ followed by EnvA-pseudotyped RABV 

injection in the RMS or olfactory bulb. Using electron microscopy and immunohistochemical 

markers, it has been demonstrated that adult-generated granule cells express AMPAR 

on their cell body and basal dendrites and make asymmetric synapses with inputs 
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coming from centrifugal sources or perhaps axon collaterals of mitral and tufted cells 

(Whitman and Greer, 2007). The precise identity of these inputs however is not clear. In 

addition, this study also reports the presence of ChAT immunoreactive fi bres adjacent to 

retrovirus-labelled newborn granule cells, suggesting that cholinergic inputs from NDB 

terminating in the GL and GCL may be involved in regulating the survival of new granule 

cells in the olfactory bulb (Whitman and Greer, 2007). Indeed, lesions in the cholinergic 

forebrain decreased the number of newborn neurons in the olfactory bulb and increased 

the number of apoptotic cells specifi cally in the GL indicating a role for the cholinergic 

system in survival of these neurons (Cooper-Kuhn et al., 2004). However, neither of 

the above studies have shown whether the effect of acetylcholine on neurogenesis is 

a direct or indirect one. With regard to this, no eGFP-positive neurons in the NDB were 

observed in the tracing experiments presented here. Further experiments will have to 

be designed to identify the nature of this cholinergic input on newborn neurons in the 

olfactory bulb. Similarly, no eGFP-labelled cells were observed in the raphe nucleus, 

locus coeruleus, LEC or periamygdaloid cortex. Olfactory neurogenesis is not affected 

by inhibition of serotonin reuptake inhibitors suggesting that newborn neurons may not 

receive input from the serotonergic neurons in the raphe nucleus (Malberg et al., 2000). 

The low or non-existent labelling by RABV of noradrenergic projections from the locus 

coeruleus could be explained by the fact that these projections occur largely via volume 

transmission and it might be that this special type of synapse is less conducive to RABV 

propagation (Ugolini, 2010). Moreover, since little is known about the innervation from 

afferent brain regions to newborn neurons in the olfactory bulb, it may be plausible that 

they do not make monosynaptic connections with adult-generated granule or PGCs. 

Equally important to consider is the fact that, like in the dentate gyrus, failure to label 

afferent connections to newborn bulbar interneurons from brainstem and other regions 

may also be due to inherent limitations of the technique. 

3.3.3 Infl uence of afferents on adult neurogenesis

 The formation of glutamatergic synapses onto the proximal dendrites of newborn 

granule cells occurs at early stages of maturation of before the appearance of distal 
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dendrodendritic synapses. It is well known that about 50% of the newborn neurons 

entering the olfactory bulb do not survive to integrate into the pre-existing circuits 

(Breton-Provencher and Saghatelyan, 2012). The peak of granule cell death lies exactly 

between the time of formation of glutamatergic input synapses on proximal dendrites 

and dendrodendritic reciprocal synapses. The fi rst steps of synaptic integration of adult-

generated neurons occurs before the formation of output synapses (Kelsch et al., 2008). 

Therefore, the timing of the development of input synapses has been speculated to be 

important in regulating the integration and survival of neurons in the olfactory network.

 Moreover, the only output of granule cells occurs at dendrodendritic synapses, 

meaning that adult-generated granule cells are able to receive information before they can 

elicit a response. This is markedly different from the developing olfactory system where 

input synapses on newborn granule cells and the ability to fi re action potentials appears 

simultaneously with the appearance of output dendrodendritic synapses (Kelsch et al., 

2008). This sequential development of input and output synapses may be occurring to 

ensure that newborn granule cells receive correct cues before they can produce output 

signals to affect the performance of other cells. This ‘silent’ integration may constitute 

a unique form of plasticity in adult-generated neurons for odor information processing, 

to bring about the incorporation of new neurons with minimal disruption of pre-existing 

circuits. Interestingly, the axodendritic input to these cells occurs in two steps -fi rst on 

the proximal domain and then on the basal dendrites - and it has been speculated that 

this may provide additional excitatory drive to tune the activity of granule cells (Kelsch 

et al., 2008). In this regard, it would be interesting to know the source of these two types 

of axodendritic inputs - whether they are different and what functions they may serve. 

Since the RABV-mediated tracing technique did not label mitral and tufted cells, it is not 

possible to comment on the temporal pattern of formation of input and output synapses 

of newborn granule cells. However, this technique did succeed in labelling axodendritic 

inputs and we now know that the centrifugal inputs to newborn bulbar interneurons 

arises directly from neurons in the AON and piriform cortex. 
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3.4 Conclusion and future prospects

  Neural circuits comprise of complex, albeit specifi c, networks of neurons 

that connect different regions and act in an interdependent manner to execute the 

various functions of the mammalian brain. Newly generated neurons have to integrate 

into these neural circuits, establish connections with specifi c neurons while maintaining 

the integrity of the network. In this regard, the presynaptic input might be important 

not only for the incorporation of newborn neurons into pre-existing networks but also 

may help shape their postsynaptic output. The above work describes the application 

of a versatile dual virus-based technique, which exploits the ability of the retrovirus to 

selectively infect proliferating cells and that of the RABV for retrograde transsynaptic 

transfer, to unravel the presynaptic connectome of adult-generated neurons in the mouse 

brain. The presynaptic partners of newborn neurons, as revealed by this technique, 

comprise of a heterogeneous group that establishes its connectivity in a temporally 

defi ned pattern at different stages of maturation of the newly generated neuron. This 

technique revealed that the local presynaptic connectome is established prior to the 

long-distance connectome. 

 In the dentate gyrus, the earliest presynaptic partners of adult-generated granule 

neurons comprise of local interneurons in the GCL, hilus and ML expressing different 

interneuron markers like parvalbumin or somatostatin indicating that the early GABAergic 

connectivity is not restricted to a single type of interneuron. Interestingly, excitatory 

connectivity arising from mossy cells was also found to be established fairly early, i.e., 

10 days after retrovirus injection. Moreover, monosynaptic tracing revealed that newborn 

dentate granule neurons receive input from the subicular complex. The function of this 

subicular-dentate connection is not known and it would be interesting to investigate 

the nature of subicular neurons to assess the infl uence of these neurons in modulating 

the activity of newborn neurons. Monosynaptic tracing also revealed long-distance 

connections, namely those arising from the cholinergic basal forebrain regions, MS-NDB 
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and the entorhinal cortex. Labelling of neurons in the entorhinal cortex was observed 

only at the latest time point assessed, i.e., at least 5 weeks after the birth of dentate 

granule neurons. Such step-wise development of innervation may ensure that the 

functional incorporation of newborn granule neurons into the classical hippocampal 

trisynaptic circuit takes place only when they have reached functional maturity on the 

cellular level and have been already incorporated into the local circuit (Deshpande et 

al., in preparation). A similar pattern of presynaptic connectivity compared to wild-type 

mice was observed in the dentate gyrus on adapting the retrovirus-based approach to 

hGFAP-TVA transgenic mice, thus confi rming the overall applicability and specifi city of 

this monosynaptic tracing approach.

 Assessing the presynaptic connectivity of adult-generated neurons in the olfactory 

bulb was complicated by the fact that there is more than one type of newborn neuron in 

the olfactory bulb and the conspicuous absence of mitral and tufted cells. Nevertheless, 

like in the dentate gyrus, local and long-distance connections onto adult-generated 

neurons in the olfactory bulb could be revealed using this technique. Local connections 

were typically found to arise from a repertoire of short-axon cells in the GCL or GL, 

some of which are known to modulate granule cell activity through GABA. It would be 

interesting to further characterize this connectivity to establish the precise identities 

of these short-axon cells and their functions. Long-distance connectivity to newborn 

granule cells and PGCs was found to arise from the AON and piriform cortex. 

  Retrovirus-based targeting of newborn neurons for RABV infection described 

here can be used to map not only the connectivity of new neurons endogenously 

generated in the adult neurogenic areas but also to compare the nature and temporal 

development of the presynaptic inputs under different physiological stimuli or pathological 

conditions. The method can also be applied to study the incorporation of new neurons 

obtained following local reprogramming or transplantation (Vierbuchen, Ostermeier et 

al. 2010; Caiazzo, Dell’Anno et al. 2011). This approach would be especially valuable for 

manipulating connections selectively impinging onto adult-generated neurons, thereby 
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allowing us to precisely determine the contribution of specifi c populations of presynaptic 

neurons to the constant remodelling of the pre-existing network. 
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4 Methods

4.1 In vitro methods

4.1.1 Preparation and transduction of embryonic cortex cultures 

 Cultures were prepared from timed pregnant females at embryonic day 14 (E14). 

The day of the vaginal plug detection was considered day 0. Females were sacrifi ced 

and the abdomen was cut open to expose the uteri containing the embryos. After removal 

of the uterine tissue and placenta, embryos were transferred to a 60-cm dish containing 

ice-cold Hanks buffered salt solution with 10 mM Hepes buffer (HBSS-Hepes). Embryos 

were decapitated and the brain was isolated in a 60-cm dish with HBSS-Hepes under 

a dissecting binocular microscope (Leica). The hemispheres were separated and the 

meninges were removed. Cortices from both hemispheres were dissected out and 

transferred to a 15-ml tube containing ice-cold HBSS-Hepes. Under a tissue culture 

fl ow hood, the HBSS-Hepes  was carefully aspirated with a Pasteur pipette and 5 ml 

E14 Plating medium was added to the cortices. The tissue was then mechanically 

dissociated using a fi re-polished Pasteur pipette pre-wetted with seeding medium. 

The cell suspension was centrifuged at 1000 rpm for 5 minutes and the supernatant 

was discarded. The cell pellet was suspended in 3–5 ml Plating medium and the cell 

count was determined using an improved Neubauer chamber. Cells were seeded on 

poly-D-Lysine (PDL)-coated cover slips in a 24-well plate at a density of 250,000 cells 

in 500 μl E14 Plating medium per well. Cells were transduced with retrovirus 2 hours 

after plating. Twenty-four hours after transduction, 250 µl medium was removed from 

each well and replaced with E14 Differentiation medium for neuronal differentiation. The 

same procedure for medium change was repeated 24 hours later. Cells were fi xed at 

different time intervals as required and processed for immunocytochemistry. 
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4.1.2 Preparation and transduction of postnatal astrocytes

 Postnatal day 5-7 mouse pups were decapitated and brains were dissected 

out. The hemispheres were separated and the olfactory bulbs, meninges, striatum and 

hippocampi were removed. The remaining cortices were transferred to HBSS-Hepes 

in a 15-ml tube. The HBSS-Hepes was carefully aspirated with a Pasteur pipette and 

5 ml Astrocyte Plating medium was added to the tube. The tissue was mechanically 

dissociated using a fi re-polished Pasteur pipette. Dissociated tissue was centrifuged 

at 1000 rpm for 5 minutes at 4°C. Supernatant was discarded and the cell pellet was 

resuspended in 5 ml Astrocyte Plating medium reconstituted with epidermal growth 

factor (EGF) and basic fi broblast growth factor (bFGF) in a T25 fl ask. 

 Cells were seeded when they were nearly confl uent (after ca. 1 week in culture). 

For seeding, the medium was discarded and the cell pellet was thoroughly washed 

with 1x Dulbecco’s phosphate buffered saline (DPBS) to remove loosely attached 

oligodendrocyte precursors and debris. The DPBS was discarded and 3 ml 0.05% 

Trypsin-EDTA was added to the fl ask. The fl ask was incubated at 37°C for 4-5 minutes 

(or till cells were dissociated from the surface) and equal volumes of Astrocyte Plating 

medium was added to inhibit the trypsin. All the cells were carefully dissociated using 

a 5-ml pipette, transferred to a 15-ml tube and centrifuged at 1000 rpm for 5 minutes. 

Medium was discarded and the cell pellet was resuspended in 2 ml Astrocyte Plating 

medium. Cells were counted using an improved Neubauer chamber. Cells were seeded 

in a 24-well PDL-coated plate at a density of 50,000 cells/well in 500 µl Astrocyte plating 

medium reconstituted with EGF and FGF. Cells were transduced with retrovirus 2 hours 

after plating. 

4.1.3 Treatment of cover slips and coating with PDL

 Before coating, the glass cover slips were cleaned by shaking  in a solution of 

0.1M HCl for 1 h. Cover slips were then transferred to a beaker with acetone and placed 

in an ultrasonic bath for 20 minutes followed by shaking (ca.50 rpm) for 1h. Then cover 

slips were transferred to 70% ethanol solution on a shaker (ca.50 rpm) for 1 h. Finally, 

they were rinsed in 100% ethanol and dried on a paper towel under the laminar airfl ow.
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 For coating, cover slips were transferred to a 24-well plate (1 cover slip/well) and 

500 µl PDL working solution was added to it. The plate was incubated for at least 2h 

or overnight at 37°C. The PDL was aspirated and cover slips were washed thoroughly 

with sterile double distilled water. Plates were dried under the laminar fl ow and stored 

at 4°C for no longer than one week  (Heinrich et al., 2011).

4.1.4 Immunocytochemistry

 For immunocytochemistry on E14 cortical cultures, cells were fi xed in 4% 

Paraformaldehyde (PFA; 350 µl per well) for a maximum of 15 minutes and washed 

thoroughly with 1x PBS. Cover slips were covered with primary antibodies (see Table 

1) in blocking buffer consisting of 0.1M PBS, 0.1% Triton-X-100 (Sigma) and 2% bovine 

serum albumin (BSA; Sigma) and incubated overnight at 4°C in a moistened chamber. 

Cover slips were washed in 1x PBS three times and incubated with specifi c secondary 

antibodies conjugated to fl uorescent dyes (see Table 2) in blocking buffer for at least 1 

hour at RT. Following incubation in the secondary antibodies, cover slips were washed 

again with 1xPBS (3x) and allowed to dry at room temperature (RT), after a brief wash 

in water to remove remnants of PBS. The cover slips were mounted on Superfrost glass 

slides (Roth) in Aqua Polymount (Polysciences) and allowed to dry at RT. The slides 

were stored at 4°C in boxes. 

4.2 In vivo methods

4.2.1 Animals

 All animal procedures were performed in accordance to the policies of the use of 

animals and humans in Neuroscience Research, revised and approved by the Society 

of Neuroscience and the state of Bavaria under license number 55.2-1-54-2531-144/07.

 Eight to 12 week male and female C57Bl/6 J or C57Bl/6 N mice (18 − 25 g) 

were used for in vivo injections and in vitro cultures. Human GFAP-TVA transgenic 

mice (Jackson Labs; Strain name: STOCK Tg (GFAP-TVA)5Hev/J; Stock# 003528) 

expressing TVA under the human GFAP  promoter generated by replacing the LacZ 

gene from the pGfa 2lac-1 plasmid with the tv-a cDNA from pSP73 (0.8) (Holland et al., 
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1998; Holland and Varmus, 1998) were also used for in vivo injections. The transgene 

comprises of a 2.2 kb fragment of the hGFAP promoter, the quail TVA gene and part of 

the mouse protamine gene (MP-1) to supply an intron and polyadenylation site.  

4.2.2 Genotyping

 To identify the transgenic allele, animals were genotyped by PCR amplifi cation of 

DNA of 3 week old mice. Tail biopsies of less than 5 mm length were used. The tails were 

incubated in 500 µl Lysis buffer in 1.5-ml tubes at 55°C overnight (or at least for 3 hours) 

on a shaker (Eppendorf) at 500 rpm. After lysis, hairs and tissue residues were removed 

by centrifugation at 10000 rpm for 5 minutes. The supernatant was transferred to a new 

1.5-ml tube and the DNA was precipitated by adding 500 µl Isopropanol and centrifuging 

for 10 minutes at 12000 rpm, followed by a 70% ethanol wash. The supernatant was 

discarded and the pellet was dried for 1h at RT or alternatively for 30 minutes at 37°C. 

The DNA pellet was dissolved in 150 μl 10mM Tris-HCl buffer pH 8.0 followed by 1 − 2 

hours shaking at 55°C. The DNA was stored at 4°C before PCRs.  After PCR, 10 µl of 

the PCR product was analysed on a 2% agarose-TAE gel. The genotyping protocol and 

primers for genotyping the hGFAP-TVA mice were obtained from Jackson labs (http://

jaxmice.jax.org/strain/003528.html).

Primer sequences for TVA genotyping:

TG1 #1046  5’ - CTG CTG CCC GGT AAC GTG ACC GG - 3’ 

TG2 #1047  5’ - GCC CTG GGG AAG GTC CTG CCC - 3’

Amplicon: TVA allele ~500 bp.
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4.2.3 Viral vector construction

4.2.3.1 Retroviral constructs

 Moloney MLV-derived retroviral vectors were used to generate all the retroviral 

constructs. For initial validation of the system in vitro, a CMMP-TVA (kind gift from K. 

Conzelmann) retroviral vector and a pMX-Glycoprotein-IRES-Tomato retroviral vector 

was used. The transgenes in both the above vectors are driven directly under the viral 

Long Terminal Repeats (LTRs). The retroviral vector expressing TVA has no reporter 

while the G-encoding retrovirus has a tandem Tomato fl uorescent reporter translated 

from an IRES. The other retroviral vectors used consist of a chicken-β-actin (CAG) 

promoter driving the expression of the transgenes which allows high and ubiquitous 

expression in all mammalian cells, an IRES and a DsRed or DsRedExpress2 reporter 

which allows identifi cation of transduced cells by immunostaining for red fl uorescent 

protein (RFP) fl anked by Long Terminal Repeats (LTRs). The vectors used in this study 

are replication incompetent, self inactivating and have a lower extent of silencing which 

is benefi cial for longer survival intervals. The vectors also have Ampicillin resistance for 

screening of transformed bacterial colonies. 

pMX-Glyco-IRES-TdTomato

  The G was subcloned from FuV-Glyco into pMX-IRES-TdTomato using 

XhoI and NotI to generate the retroviral construct, pMX-Glyco-IRES-TdTomato. 

PCR Reaction PCR Conditions 

Component Vol (µl) Final conc. Step Temp Time 

ddH2O 7.66  1 94°C 3min  

10xNEB Buffer 1.2 1x 2 94°C 30s Repeat 2-4 

for 30 cycles dNTPs (25 mM) 0.24 0.5 mM 3 66°C 1min 

Primer TG1 (20 pmol/µl) 0.5 1 pmol/µl 4 72°C 1min 

Primer TG2 (20 pmol/µl) 0.5 1 pmol/µl 5 72°C 10min  

NEB Taq Polymerase 0.3      

DNA 1.5      

Total  12      
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 For RABV-mediated transsynaptic tracing, two retroviral vectors expressing the 

transgenes - the glycophosphoinositydol (GPI)-anchored form of the chicken TVA receptor 

(TVA800), the G from the CVS-11 strain of RABV and a DsRed or DsRedExpress2 reporter 

were constructed. The second construct containing DsRedExpress2 was designed to 

improve the detectability of the transduced cells for electrophysiological recordings.

CAG-Glyco-T2A-TVA-IRES-DsRed

extended psi 961...1791

MLV PBS 893...908

MoMusV 5'LTR 301...890

pMXfor-seq 2092...2111

2215 XhoI (1)

MCS 2179...3809

RABV glycoprotein 2221...3795

3796 NotI (1)

U3 5894...6340

pMXrev-seq 5923...5905

PPT 5864...5893

Tandem Tomato 4415...5845

IRES 3832...4412

MLV 3'-LTR 5894...6484

ColE1 origin 7452...6770

AmpR 8202...7543

pMX-Glyco-IRES-
TdTomato
8237 bp

Fig. 4.1. pMX-Glyco-IRES-TdTomato retroviral construct

intron 2134...2229

Chicken beta-actin promoter 1726...2132

Cloning vector pLXSH. 915...1724
extended packaging signal 915...1724
extended psi (pLXSH) 915...1724

MLV PBS 896...911
RU5 (truncated) 714...871

CMV enhancer 215...502

attR1 2356...2373
Kozak 2417...2422

Glycoprotein w/o Stop 2423...3994

2A seq 4004...4057
Kozak 4064...4069

TVA800 w/ Stop 4070...4432
attR2 4439...4456

PPT 6416...6445

WPRE 5787...6373

DsRed 5083...5772

IRES 4518...5075

U3R, R part 6859...6946

pUC ori 7411...7999
ColE1 origin 8075...7393

AmpR 8832...8173

CAG_glyco2ATVADest_
IRES_DsRed

9047 bp

Fig. 4.2. CAG-Glyco-T2A-TVA-IRES-DsRed retroviral construct.
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 For the retroviral construct, cDNA for TVA800 was amplifi ed by PCR using 

primers with NotI and AscI linkers and cloned into a mammalian expression vector to 

generate pCAG-TVA. The sequence of the self-cleaving 2A peptide from the virus Thosea 

asigna was introduced into pCAG-TVA at the NotI site to generate pCAG-2A-TVA. The 

translational stop codon was removed from the cDNA of G by targeted mutagenesis and 

ligated to the 2A sequence in pCAG-2A-TVA in the same reading frame, with specifi c 

restriction enzymes to generate pCAG-Glyco-2A-TVA. The Glyco-2A-TVA cassette was 

subcloned into the entry vector pENTR-1a (Invitrogen) using KpnI/XhoI and Gateway 

recombinational cloning was performed in an MMLV-based retroviral destination vector 

(kindly provided by P. Malatesta) using the LR clonase enzyme (Invitrogen) according to 

manufacturer’s protocol to generate the CAG-Glyco-2A-TVA-IRES-DsRed polycistronic 

retroviral construct. 

CAG-DsRedExpress-T2A-Glyco-IRES-TVA

 For the retroviral vector with the DsRedExpress2 reporter, DsRedExpress2 

was excised from the plasmid pIRES2DsedExpress2 (Clonetech) and replaced with 

the PCR-amplifi ed cDNA for TVA800 to generate pIRES2-TVA using BstXI and NotI 

restriction enzymes. Primers were designed for the combined amplifi cation of the 2A 

sequence and the cDNA for G (2A-Glyco) with SalI and SmaI linkers. The 2A-Glyco 

amplicon was cloned into pIRES2-TVA with these restriction enzymes. DsRedExpress2 

CMV IE 1734...2108

AG promoter 2114...3455

rb b-globin intron 2483...3407

CMV enhancer 3345...3363

MLV PPT 7413...7442

WPRE 6784...7370

TVA800 6406...6768

MLV 3'LTR (SIN) 7443...8033

pUC ori 9072...8390

AmpR 9829...9170

200-CAG-DsRedExpT2ArabGP-
IRES-TVA
10044 bp

CMV enhancer 215...502

R-U5 (truncated) 714...871

MLV PBS 896...911

extended psi 915...1716

S35 primer 2456...2474

CAG promoter 1734...3455

DsRed-Express2 3486...4160

T2A 4167...4220
IRES 5823...6403

Rabies virus glycoprotein 4233...5807

Fig. 4.3. CAG-DsRedExpress-T2A-Glyco-IRES-TVA retroviral construct.
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without a translational stop codon was amplifi ed by PCR from pIRES2-DsRedExpress2 

and cloned in-frame into p2A-Glyco-IRES2-TVA using EcoRI and SalI. The entire 

DsRedExpress2-2A-Glyco-IRES2-TVA cassette was subcloned using Sfi I/NotI into the 

CAG retroviral vector through the shuttle vector (pBKS-) to generate the polycistronic 

retroviral construct CAG-DsRedExpress2-2A-Glyco-IRES2-TVA. 

CAG-DsRedExpress-IRES-TVA

 For the control retroviral vector without the glycoprotein, the DsRedExpress2 

reporter was excised from the plasmid pIRES2DsedExpress2 (Clonetech) and replaced 

with the PCR-amplifi ed cDNA for TVA800 to generate pIRES2-TVA using BstXI and NotI 

restriction enzymes. The DsRedExpress2 from pIRES2DsedExpress2 was PCR amplifi ed 

with EcoRI and SalI primers and cloned into pIRES2-TVA to generate pDsRedExp2-

IRES2-TVA. The DsRedExp2-IRES2-TVA construct was then subcloned using Sfi I/NotI 

into the CAG retroviral vector through the shuttle vector (pBKS-) to generate the control 

retroviral construct, CAG-DsRedExpress2-IRES2-TVA (CAG-DsRedExpress-IRES-TVA 

construct was generated in collaboration with Francesca Vigano). 

CMV IE 1734...2108

S35 primer 2456...2474

CMV enhancer 3345...3363

DsRedExp2 w/Stop 3486...4163

MLV 3'LTR (SIN) 5816...6406

MLV PPT 5786...5815

WPRE 5157...5743

TVA800 w/ Stop 4779...5141

IRES 4196...4776

pUC ori 7445...6763

AmpR 8202...7543

235-CAG-DsRedExp-
IRES-TVA
8417 bp

CMV enhancer 215...502

rb b-globin intron 2483...3407

AG promoter 2114...3455

CAG promoter 1734...3455

extended psi 915...1716

MLV PBS 896...911

R-U5 (truncated) 714...871

Fig. 4.4 CAG-DsRedExpress-IRES-TVA retroviral construct.
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CAG-Glyco-IRES-DsRed

 The G from a lentiviral construct was cloned into pcDNA3.1 (with a modifi ed 

MCS) using the restriction enzymes XhoI and NotI. The G from pcDNA3.1-Glyco was 

excised using Sfi I/PmeI and ligated to the Sfi I/PmeI digested CAG retroviral vector to 

generate the CAG-Glyco-IRES-DsRed construct. 

CAG-IRES-DsRedExpress2

Penultimate codon of Glyco 3919...3921
STOP 3922...3924
seq_IRESrev 3925...3932

IRES-Rev seq primer 4077...4055
IRES 3949...4506

PPT 6168...6197

WPRE 5539...6125

tetO 5211...5523

DsRed 4514...5202

U3R, R part 6611...6698

pUC ori 7163...7751
ColE1 origin 7827...7145

AmpR 8584...7925

CAG-Glyco-IRES-
DsRed
8799 bp

CMV enhancer 215...502
RU5 (truncated) 714...871

MLV PBS 896...911

extended packaging signal 915...1724
Cloning vector pLXSH. 915...1724

Chicken beta-actin promoter 1726...2132

seq_CAGfor 2337...2349

Rabies virus glycoprotein 2350...3921

Start codon of Glyco 2350...2352

intron 2134...2229

CAG-Fwd seq primer 2225...2248

extended psi (pLXSH) 915...1724

Fig. 4.5. CAG-Glyco-IRES-DsRed retroviral construct.

Fig. 4.6. CAG-IRES-DsRedExpress retroviral construct.
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 The control retrovirus was constructed by replacing the DsRed in the CAG 

retroviral vector with DsRedExpress2 from pIRES2DsRedExpress2 (Clonetech) using 

BamHI and NotI.

4.2.3.2 Rabies virus constructs

 Construction of the G gene-deleted eGFP-expressing RABV (SADΔG-eGFP) 

was as previously described by Wickersham et al (Wickersham et al., 2007a). 

4.2.4 DNA preparation for retrovirus production (CsCl gradient)

 A 250 ml bacterial culture was used to prepare pure supercoiled plasmid DNA 

for retroviral production. The culture was grown to about 90% confl uency and harvested 

by centrifuging at 5000xg for 20 minutes and the supernatant was discarded. The pellet 

was resuspended in 10 ml Qiagen buffer 1 with RNAse. After complete resuspension, 

10 ml Qiagen buffer 2 was added for lysing the bacterial cells, the tube was inverted 

gently several times and incubated at RT for 5 minutes. Ten ml of ice-cold Qiagen buffer 

3 was added and the tube was shaken thoroughly to precipitate genomic DNA and 

proteins in the mixture. The mixture was fi ltered through a pre-wetted Whatman paper 

fi lter into a 50-ml tube. The plasmid DNA was precipitated by adding 20 ml Isopropanol 

to the fi ltrate (1:1), mixed and centrifuged at 8000xg for 1 hour at 4°C. The supernatant 

was drained off, the white pellet was washed carefully with ice-cold 70% ethanol and 

centrifuged again for 10 minutes at 8000xg. After draining off the ethanol, the wet pellet 

was dissolved in 15 ml Tris-EDTA buffer pH 8.0 (TE) and further purifi ed using phenol 

extraction. 

 The suspension was poured into a MaxTract high density (Qiagen) 50-ml tube 

and 7.5 ml of phenol equilibrated with TE and 7.5 ml Chloroform was added to it. After 

mixing well, the mixture was centrifuged at 1500xg at room temperature (RT) for 20 min 

in a swing-out rotor. The upper aqueous phase was poured into a new 50-ml tube and 

1.5 ml of 3M Sodium Acetate pH 5.2 and 15 ml Isopropanol was added to precipitate the 

plasmid DNA, mixed well and centrifuged at 8000xg for 1 hour at 4°C. The supernatant 

was drained off and the pellet was washed with ice-cold 70% ethanol. The DNA pellet 
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was air-dried until it was transparent. The dry pellet may be stored at -20°C before 

Cesium chloride (CsCl) gradient purifi cation.

 For the CsCl gradient preparation, the dry pellet was dissolved completely in 8 

ml TE. The dissolved DNA was added to 10.5 g CsCl in a 50-ml tube and the salt was 

dissolved completely. Eight hundred µl of saturated Acridine Orange (AcOr; Sigma) 

was added and the solution was mixed until a fi ne precipitate was formed. Samples 

were warmed to 37°C for 15 minutes in a water bath and centrifuged at full speed in a 

swing-out rotor for 10 minutes. The supernatant was fi lled into an 11.2 ml OptiSeal tube 

(Beckmann) until the meniscus touched the mouth of the tube. Tubes were balanced 

precisely for the following ultracentrifugation step at 65000 rpm for 5.5 hours at 20°C 

and slow brake settings. After the ultracentrifugation, DNA bands were visualised using 

blue light  on a DARK Reader transilluminator (DR-88M; Clare chemical research) and 

immediately extracted.

 For collecting the DNA, the tube was fi xed to a holder, in front of a UV-lamp. A 

22-guage needle was used to pierce the shoulder of the tube to release the pressure 

to enable extraction of the DNA band. Then a second needle (22 guage) was inserted 

into the tube just below the lower DNA band which is the desired super-coiled form of 

plasmid, as seen under the blue light. The needle was connected to a 2-ml syringe and 

the DNA band (as much as possible) was sucked in and transferred to a 15-ml tube. The 

extracted plasmid DNA can be stored overnight at this stage at RT, in dark. To remove 

the AcOr from the DNA, an equal volume of n-butanol saturated with TE was added to 

the DNA, shaken well and centrifuged briefl y in a swing-out rotor. The upper organic 

phase was removed and the extraction was repeated until the lower yellow aqueous 

phase was completely colourless (~5 – 6 times). An equal volume of diethylether was 

added, the solution was mixed and the upper, organic phase was separated to remove 

traces of n-Butanol from the aqueous phase. The ether evaporated during the next 

steps at RT. The mixture was transferred to 50-ml tubes and diluted with 2 volumes of 

sterile TE. One-tenth volume of 3M sodium acetate pH 5.2 and 2 volumes cold 100% 

ethanol (stored at -20°C) were added, the solution was mixed and incubated on ice for 

1 – 2 hours or overnight at 4°C, followed by a centrifugation step at 10000xg for 1 hour 
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at 4°C. The supernatant was discarded and the pellet was washed with 10 ml cold 70% 

ethanol. The pellet was air-dried and the DNA was dissolved in 500-1000 μl of sterile 10 

mM Tris-HCl pH 8.0, under sterile conditions. Vigorous shaking was avoided to prevent 

shearing of DNA. The DNA solution was transferred into a 1.5-ml tube and the amount 

of DNA was quantifi ed.  The quality of DNA was checked by confi rmatory restriction 

enyzme digestion and loading on a 0.8% agarose-TAE gel. 

4.2.5 Retrovirus Production

4.2.5.1 Cells

 Human embryonic kidney (HEK) gpg293 cells were used for preparation of all 

retroviruses. The retrovirus preparation with gpg293 cells requires only the addition of 

the retroviral expression plasmid, as all other viral genes are integrated in the genome 

of these cells (Burns et al., 1993; Pear et al., 1993). All retroviruses used in this study 

were pseudotyped for Vesicular Stomatitis Virus glycoprotein (VSVG). Cells were 

grown in Basic medium and under a triple selection of antibiotics: 1 mg/ml Tetracycline 

(Sigma, repression of the VSVG production), 2 mg/ml Puromycin (Sigma, selection for 

the integrated VSVG gene and Tet-repressor that regulates VSVG expression) and 

0.3 mg/ml G418 (=Geneticin, Gibco, selection for integrating MMLV genome (gagpol)). 

This medium was stored at 4°C and used within 6 weeks to avoid degradation of the 

antibiotics. When cells were nearly confl uent, they were dissociated using 0.05% Trypsin-

EDTA (Sigma) and passaged at a ratio of 1:3 to 1:5.

4.2.5.2 Retroviral Packaging

 The HEK gpg293 cells were expanded in 175cm2 fl asks to yield a suffi ciently large 

number of cells for viral packaging. Cells were seeded in 10-cm culture dishes in Basic 

medium without Tetracycline (with Puromycin and G418) to induce VSVG expression. 

Up to 6 (or at least 3) 10-cm dishes were used for production of one retroviral vector 

batch. The day after seeding, the cells at 80-90% confl uency were washed with Opti-

MEM (Gibco) containing 10% FCS (6 ml per 10-cm dish) to remove any antibiotics. Two 

washing steps were performed to ensure complete removal of antibiotics, followed by 

a 1 hour incubation at 37°C. The cells were transfected using the following mix (Pear, 
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Nolan et al. 1993; Hack, Saghatelyan et al. 2005). For 6 dishes, 2x 50-ml tubes:

 In Tube 1, 9 ml Opti-MEM (1.5 ml per 10-cm dish) and 360μl Lipofectamine 2000 

(Invitrogen, 60μl per 10-cm dish), mix well. In Tube 2, 9 ml Opti-MEM and 150μg CsCl-

purifi ed DNA (24μg DNA per 10-cm dish), mix well. Solutions were allowed to settle for 

5 minutes at RT. The contents of Tube 1 were added to Tube 2, mixed and incubated 

for 30 minutes under the tissue culture fl ow to allow formation of Lipofectamine-DNA 

complexes. Three ml of transfection mix was added drop-wise to each 10-cm dish. 

About 16-20 hours later, transfection medium was replaced with the Packaging medium 

(10 - 12ml of Packaging medium per 10-cm dish).

4.2.5.3 Retroviral Harvesting 

 The fi rst medium collection (harvest) was performed 48 hours after transfection, 

the second harvest was done three days following transfection and a third harvest was 

done 4 days after. All centrifuge tubes, screw caps and rotor buckets were sterilized 

in 100% ethanol prior to harvesting. The culture medium was collected in 50-ml tubes 

and 10 ml Packaging medium was gently added on top of the transfected cells. The 

cells were returned to the incubator and the supernatant was fi ltered through a pre-

wetted low-protein binding 0.45 μm Polyvinylidene fl uoride (PVDF) fi lter (Millipore) into 

Beckmann ultracentrifugation tubes and balanced accurately with medium. This was 

followed by an ultracentrifugation step at 50000xg for 90 minutes at 4°C (Beckmann, 

SW40Ti rotor). After ultracentrifugation, the supernatant was carefully aspirated using a 

Pasteur pipette connected to a vacuum pump. The transparent pellet was soaked for at 

least 3 hours or overnight on ice in 80-100 µl TBS-5 buffer and resuspended carefully 

with a 200μl-pipette tip. Ten µl aliquots of the viral suspension were made in 0.5-ml 

safe-lock tubes (Eppendorf) on ice, under sterile conditions and stored at -80°C.

4.2.5.4 Retroviral titering

 Dissociated E14 cortical cells were used for determination of retroviral titres. 

Cells  were seeded at a density of 250,000 cells/well in 24-well plates on Poly-D-Lysine 

(PDL)-coated cover slips in 500 µl E14 Plating medium. Cells were transduced 2 hours 

after plating at following dilutions : 
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1µl virus in 500µl medium:   250 µl = 0.5 µl virus/well

      50 µl = 0.1

       5 µl = 0.01

       1 µl = 0.002

 Day after seeding and transduction, 500 µl E14 Differentiation medium was added 

to the cells. Cells were cultured for 72 hours, after which they were fi xed in 4% PFA for 

15 minutes at RT. Cells were then processed for GFP or RFP immunocytochemistry. 

Colonies were counted and viral titres were assessed using the following formula:

Virus titre (per ml) = no. of clones x 1000/ Dilution factor

 

 In most cases, the 1 μl (0.002) or 5 μl (0.01) dilution allowed for counting of single 

colonies and to accurately assess the viral titre. Virus titering was done for each harvest 

and a viral titre of ~5-9 x 107 was considered optimal for in vivo injections. 

4.2.6 Pseudotyped rabies virus production

 The protocol for pseudotyped RABV production was obtained courtesy of Prof. 

K-K Conzelmann. Briefl y, the RABV SADΔG-eGFP was amplifi ed in BSR MG-on cells 

complementing the G defi ciency of the virus upon induction of G expression by doxycycline 

as previously described (Finke et al., 2003). One million BSR MG-on cells in T25-fl asks 

were infected at a multiplicity of infection (MOI) of 0.01 and G protein expression was 

induced immediately by adding 1µg/ml doxycycline. When almost all cells were infected 

as determined by fl uorescence microscopy, supernatants were harvested, cleared from 

debris by centrifugation for 5 minutes at 1000 rcf at 4°C and stored in 1 ml aliquots at 

– 80°C.

 Pseudotyping of SADΔG-eGFP(G) with EnvA was done by infection of BHK-

EnvARGCD cells, expressing an ASLV-A envelope protein comprising the G cytoplasmic 

tail (Wickersham et al., 2007b) at a MOI of 1. Cells were thoroughly washed with fresh 

medium to remove cell-free input virus. Supernatant was harvested 72 hours post 

infection, cleared by centrifugation as above and stored in 1 ml aliquots at – 80°C. Titers 
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of SADΔG-eGFP(EnvA) were determined on HEK293T-TVA800 cells by serial dilutions 

and counting GFP-positive cells.

4.2.7 Stereotactic injections

 For the stereotactic surgery, mice were anaesthetised by an intraperitoneal injection 

of 100-150 µl mix comprising of 1.0 ml Ketamine, 10%, (injected at approximately 100 

mg/kg body weight; cp-pharma, Burgdorf, Germany), 0.25 ml Xylazine hydrochloride, 2% 

(injected at 5 mg/kg body weight; trade name Rompun, Bayer, Leverkusen, Germany) and 

2.5 ml saline (0.9% sodium chloride ; Braun, Germany) with insulin needles (U-100, 1-ml, 

BD Micro Fine, PZN: 324870). Mice were fi xed on the stereotactic apparatus (Stoelting) 

and the eyes were covered with an eye cream (Bepanthen Augen- und Nasensalbe) to 

prevent them from drying out. The top of the head was disinfected with 70% ethanol and 

a small midline incision was performed with a size-22 scalpel (Schreiber Instrumente). 

The bregma (the point on the skull where the coronal suture intersects the sagittal suture) 

was determined and the tip of a glass capillary was aligned directly at the bregma. 

The digital display of the stereotactic apparatus was set to 0.0 on the X, Y and Z axes 

at this point.  The required stereotactic coordinates were set relative to bregma and a 

small craniotomy was performed using a drill (Foredom), keeping the meninges intact. 

A fi nely pulled capillary containing the viral suspension was attached to the stereotaxic 

apparatus and the bregma was set again. The digital display was adjusted to 0.0 in 

the X- and Y-axis. At the injection coordinates, the Z-axis was adjusted to 0.0 at the 

dura and the capillary of inserted into the brain to the required depth. Then 1-2 μl viral 

suspension was injected very slowly (5–10 minutes) using an air system (WPI, picopump, 

PV 820; connected to a Jun-Air compressor). A pulse generator (pulse/delay generator 

PDG 204) generated a pulse every 5 s to release minute amounts of the virus, which 

could be observed under the binocular microscope as lowering of the meniscus of the 

viral suspension in the capillary. Pulses were given at the lowest possible pressure and 

pulse length to gradually inject the virus into the brain. After the injections, the capillary 

was retained in the brain for 4-5 minutes before retracting, to allow  the injected viral 

suspension to be absorbed. The skin incision was closed carefully with a suture thread 
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(Ethicon Vicryl, 4-0, SH-1 plus, 21.8mm 1/2c, 70cm fi lament) after retroviral injection to 

minimize infl ammation in order to facilitate the subsequent EnvA-pseudotyped RABV 

injection. For recovery from anaesthesia, mice were put in an airing cupboard at 37°C. 

The following stereotactic coordinates were used relative to Bregma: for DG, caudal 

2.0, lateral 1.6 and ventral 1.9-2.1; for SEZ, rostral 0.7, lateral 1.2 and ventral 1.6-2.0; 

for RMS, rostral 2.5, lateral 0.8 and ventral 3.2–3.0; for OB, rostral 4.5, lateral 0.8 and 

ventral 1.0-0.5.

4.2.8 Fixation and histology

  For immunohistochemistry, animals were deeply anaesthetised by an intraperitoneal 

injection of 250-300 µl mix comprising of previously described anaesthetic with insulin 

needles and transcardially perfused, fi rst with 1x PBS for 5 minutes and then with 4% 

PFA for 20-30 minutes. Brains were post-fi xed in 4 % PFA for 1 hour, washed with 1x PBS 

and stored in 1x PBS at 4°C till sectioning. For histology, fi xed brains were embedded in 

4% agarose (in water or 1x PBS) and cut at the vibratome (Leica) at a thickness of 100 

μm. For long term storage, vibratome sections were frozen at -20°C in storing solution. 

4.2.9 Immunohistochemistry

 Vibratome sections were incubated with primary antibodies at specifi c dilutions 

(see Table 1) in blocking buffer consisting of 0.1M PBS, 0.5% Triton-X-100 (Sigma) and 

2% BSA (Sigma) overnight at 4°C. Following incubation in the primary antibody, sections 

were washed thrice in 1x PBS for 20 minutes each on a shaker and incubated in specifi c 

secondary antibodies conjugated to fl uorescent dyes or biotin (see Table 2) in blocking 

buffer, for detection of antigen. For biotinylated secondary antibodies, detection was done 

by incubating the sections in Streptavidin linked to Alexa dyes. To visualize nuclei, 4’, 6’ 

Diamidino-2-phenylindole (DAPI; Sigma) was added to the secondary antibody solution 

at a concentration of 0.1 µg/ml. After incubation in secondary antibodies for 1-3 hours at 

RT, sections were washed in 1x PBS and mounted on glass slides (Thermoscientifi c). 

Slides were dried at RT, coated with Aqua Polymount and covered gently with cover 

slips (24x60 mm; Roth), taking care to avoid air bubbles. The mountant was allowed 
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to dry at RT for 4-6 hours and slides were stored at 4°C in boxes. Control experiments 

were carried out to ascertain specifi city of primary antibodies used. 

4.2.10 Confocal imaging and cell counting

 Samples were imaged with a confocal laser-scanning microscope (LSM 710 

module, Zeiss) equipped with 4 laser lines (405, 488, 561 and 633 nm) and 10x (NA 

0.3), 25x (NA 0.8), 40x (NA 1.1) or 63x (NA 1.3) objective lens. Serial Z-stacks of 1µm 

(for 25x objective) and 0.5µm (for 40x objective) were taken and collapsed to obtain a 

maximum intensity projection of the scanned image. 

 Cell counting was performed by quantifying the number of double-transduced 

(eGFP-positive and DsRed-positive) or RABV-only transduced cells (eGFP-positive) per 

mouse. Phenotypic characterization of cells targeted by the EnvA-pseudotyped RABV 

in hGFAP-TVA mice was performed by colocalization with cell-type specifi c markers 

such as GFAP, Dcx, NeuN. 

 Image processing of the acquired images was performed with ImageJ (National 

Institutes of Health, Bethesda, United States) and the brightness of fi nal images was 

uniformly adjusted with Photoshop (Adobe Systems Incorporated, San Jose, California, 

United States). For some fi gure panels, a manual alignment of adjacent fi elds of acquisition 

was performed. 

4.2.11 Electrophysiological recordings of neuronal cultures

 Dual perforated patch-clamp recordings were performed at room temperature with 

amphotericin-B (Calbiochem). Pipettes were tip-fi lled with internal solution and back-

fi lled with internal solution containing 200 µg/ml amphotericin-B. The electrodes had 

resistances of 2–2.5 MOhms The external solution contained 150 mM NaCl, 3 mM KCl, 

3 mM CaCl
2
, 2 mM MgCl

2
, 10 mM HEPES, and 5 mM glucose (pH 7.4) at an osmolarity 

of 310 mOsm. A continuous perfusion at a rate of 0.5 ml/min was maintained during 

experiments. Cells were visualized with an epifl uorescence microscope (Axioskop2, 

Carl Zeiss) equipped with the appropriate fi lter sets and with a digital camera (AxioCam, 

Carl Zeiss) and virally transduced cells were selected on the basis of their fl uorescence. 
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Recorded signals were sampled at 10 kHz with an Axopatch 200B amplifi er (Axon 

Instruments, Foster City, CA, USA), fi ltered at 5 kHz and analyzed with Clampfi t 9.2 

software (Axon Instruments). Synaptic connectivity was investigated by means of pair 

recordings in voltage clamp mode. One neuron was stimulated at low frequency (0.05–0.1 

Hz) by a 1 ms step-depolarization from −70 to +30 mV and the response was recorded 

from the other neuron.

4.2.12 Statistical analysis

 Results are presented as means ± standard errors and signifi cance was calculated 

with GraphPad Prism 5 (Graphpad Software, San Diego, CA) using the Student’s t-test.



Methods

123

4.3 Materials

4.3.1 Primary antibodies

Table 1. Primary Antibodies 

Antigen Host 

species 

Dilution Company Cell type 

labelled

Calbindin  mouse IgG1 1:500 Sigma Short-axon cells, 

PGCs, DG 

granule neurons 

Calretinin rabbit 1:500 Millipore Granule cells, 

mossy cells 

Choline acetlytransferase (ChAT) goat 1:100 Millipore Cholinergic 

neurons 

Doublecortin (Dcx) rabbit 1:1000, Abcam Immature DG 

granule neurons 

-Amino butyric acid (GABA) rabbit 1:500 Sigma interneurons 

Glial fibrillary acidic protein 

(GFAP)

mouse IgG1 

rabbit 

1:500 

1:500 

Sigma

Dako 

aNSCs,

astrocytes 

Green fluorescent protein (GFP) chicken 1:2000 Aves Lab eGFP-labelled 

cells 

Neuropeptide Y (NPY) rabbit 1:1000 Abcam interneurons 

Parvalbumin mouse IgG1 1:500 Sigma interneurons 

Rabies virus glycoprotein Mouse 

IgG2a

1:200 ABD 

Serotec

G-encoding 

retrovirus infected 

cells 

Rabies virus nucleoprotein rabbit  Centocor Rabies virus 

infected cells  

Red fluorescent protein (RFP) rabbit 1:1000 Rockland DsRed/DsRedEx

press2 or 

TdTomato- 

labelled cells 

Reelin mouse IgG1 1:400 MBL Mitral cells 

Somatostatin rat 1:250 Millipore interneurons 

-III-Tubulin (Tuj1) mouse IgG2b 1:500 Sigma Immature 

neurons 

TVA rat 1:100 Home 

made 

TVA expressing 

cells 
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4.3.2 Secondary antibodies

Table 2. Secondary Antibodies 

Species specificity Fluorescence tag Company Dilution 

Donkey -Chick FITC  Dianova 1:200 

Donkey -Goat Cy3 Dianova 1:500 

Goat -Mouse IgG 

Goat -Mouse IgG  

Cy5 

DyLight 649 

Dianova 

Dianova 

1:500

1:500

-Mouse IgG2a  

Goat -Mouse IgG2a 

Biotin

A488 Invitrogen

1:200

1:500

Donkey -Rabbit

Donkey -Rabbit

Goat -Rabbit 

Goat -Rabbit 

A488

Cy3 

Cy5 

DyLight 649 

Invitrogen

Dianova 

Dianova 

Dianova 

1:500

1:1000

1:500-800

1:500

Donkey -Rat

Goat -Rat 

Donkey -Rat

Goat -Rat 

A488

Cy3 

Cy5 

A647

Invitrogen

Dianova 

Dianova 

Invitrogen

1:500

1:500

1:500-800

1:500

Biotinylated secondary Streptavidin A405 Invitrogen  1:200 

Biotinylated secondary Streptavidin A647 Invitrogen  1:200 
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4.3.3 Solutions

Table 3. Solutions 

Solution Components Preparation Use 
Ampicillin stock, 100 
mg/ml 
 
 

1g Ampicillin 
Autoclaved ddH2O 

Dissolve powder in 10 ml 
autoclaved ddH2O. 
Make 10x 1 ml aliquots and 
store at -20°C. 

To prepare LB 
agar for 
screening 
bacterial 
colonies.  

Ethylene-diamine-
tetraacetic acid, 
disodium salt (EDTA), 
0.5M pH 8.0 

18.6g EDTA disodium 
salt powder 
1N NaOH 
ddH2O* 

Dissolve powder in 50 ml 
ddH2O and adjust the pH 
with NaOH. Top up the 
solution to a final volume of 
100 ml. Autoclave. 

Preparation of 
50x TAE buffer. 

Kanamycin stock, 50 
mg/ml 
 
 

0.5g Kanamycin 
Autoclaved ddH2O 

Dissolve powder in 10 ml 
autoclaved ddH2O. 
Make 10x 1 ml aliquots and 
store at -20°C. 

To prepare LB 
agar for 
screening 
bacterial 
colonies.  

Loading buffer, 10X  
 
 

0.021g Bromophenol 
Blue 
0.021g Xylene Cyanol  
2 ml 0.5M EDTA 
5g glycerol 
 ddH2O 

Dissolve components in ca. 
10 ml ddH2O.  

For DNA gels.  

Lysis buffer 1ml 1M Tris-HCl pH 8.5  
100 l 0.5M EDTA 
 200 l 10% SDS 
 2ml 1M NaCl,  
 Autoclaved ddH2O 
Proteinase K 

Dissolve all components in 
6.6 ml autoclaved ddH2O and 
store at RT. Add Proteinase 
K freshly just before lysis. 

DNA preparation 
for genotyping. 

Parafomaldehyde, 
20% (20% PFA) 

134g NA2HPO4.2H2O 
100g PFA (Sigma)  
~10ml NaOH, 32%  
~7ml HCl, 37% 

Dissolve NA2HPO4.2H2O in 
1600 ml autoclaved ddH2O 
and heat to 60°C while 
stirring. Stop heating and add 
PFA to the heated solution 
and dissolve completely by 
adding NaOH. Let the 
solution cool on ice and 
adjust pH to 7.4 with HCl. 
Store at -20°C. 

Diluting to 4% 
PFA. 

Parafomaldehyde, 4% 
(4% PFA) 

20% PFA 
Autoclaved ddH2O 

Dilute 200 ml 20% PFA 
in 800 ml ddH2O. Store at 
4°C. 

Fixative 

Phosphate buffered 
saline, 0.15M (10x 
PBS) 

400g NaCl 
10g KCl 
58.75g Na2HPO4.2H2O 
10g K2HPO4 

Dissolve components in upto 
5 l ddH2O and autoclave. pH 
of the solution should be 
ca.7.4. Store at RT. 

Diluting to 1x 
PBS. 

Phosphate buffered 
saline, 1x (1x PBS) 

10x PBS 
Autoclaved ddH2O 

Dilute 100 ml 10x PBS to 1 l 
with ddH2O. Store at RT 

Washing for IHC 
and ICC. 

Phosphate buffer, 
0.25M (10x PB) 

6.5g NaH2PO4.H2O 
1.5g NaOH  
Autoclaved ddH2O 

Dissolve NaH2PO4.H2O in 
upto 40 ml autoclaved 
ddH2O. Adjust pH to 7.4 
using NaOH and make up 
volume to 50 ml with ddH2O.  

To prepare 
storing solution.  



Methods

126

Table 3. Solutions (continued)

Solution Components Preparation Use 
Poly-D-Lysine
(PDL) stock 
solution, 1 mg/ml 

PDL powder  
ddH2O
Concentration: 1 mg/ml 

Dissolve 50 mg PDL powder in 
sterile ddH2O to make a stock 
solution of 1 mg/ml.  
Filter sterilize. Store 1 ml 
aliquots at -20°C.  

Stock solution 
for coating of 
cover slips. 

Poly-D-Lysine
(PDL) working 
solution 

1 ml PDL stock solution 
50 ml ddH2O

Add 1 ml stock solution to sterile 
ddH2O. Filter-sterilize and store 
it at 4 °C for up to 2 weeks. 

Coating of 
cover slipsfor 
primary 
cultures.

Storing solution 30ml Glycerol 
30ml Ethyleneglycol 
10ml 10x PB 
Autoclaved ddH2O

Dissolve the components in 30 
ml autoclaved ddH2O while 
stirring. Store at 4°C.  

To store 
vibratome
sections. 

Tris-Acetate-
EDTA buffer 
(TAE), 50x 

242g Tris base 
57.1ml glacial acetic acid 
100ml 0.5M EDTA 
ddH2O

Dissolve Tris base in ca. 750 ml 
ddH2O . Carefully add glacial 
acid acid and  0.5M EDTA and 
adjust the solution to a final 
volume of 1 l. Autoclave. pH 
should be ca.8.5. 

To prepare 
1xTAE
electrophoresis 
buffer for DNA 
agarose gels. 

Tris-Acetate-
EDTA buffer** 
(TAE), 1x 

20ml 50x TAE 
ddH2O

Dilute 20 ml TAE stock in upto 1 
l ddH2O.

Running buffer 
for agarose 
gels. 

Tris buffer saline 
(TBS-5)

20ml 1M Tris-Cl pH 7.8 
10.4ml 5M NaCl 
4ml 1M KCl 
2ml 1M MgCl2
Ultrapure ddH2O

Add components to 300 ml 
ddH2O and make up volume to 
400 ml. Filter sterilize. Store at 
4°C. 

Buffer for 
suspension of 
viral pellet after 
ultracentrifugati
on.

Tris buffer, 1M 
pH 7.2 

121g Tris base 
ddH2O
Conc. HCl 

Dissolve Tris base in 800 ml 
ddH2O. Adjust pH to 8.0 with 
HCl. Make up volume to 1 l. 
Autoclave.

To prepare 
RIPA buffer. 

Tris buffer, 1M 
pH 8.0 

121g Tris base 
ddH2O
Conc. HCl 

Dissolve Tris base in 800 ml 
ddH2O. Adjust pH to 8.0 with 
HCl. Make up volume to 1 l. 
Autoclave.

To prepare 
various tris-
based buffers. 

Tris buffer, 10mM 
pH 8.0 

1.21g Tris base 
ddH2O
Conc. HCl 

Dissolve Tris base in 800 ml 
ddH2O. Adjust pH to 8.0 with 
HCl. Make up volume to 1 l. 
Autoclave.

Dissolving DNA 
from tails or for 
cloning. 
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4.3.4 Media

Table 4. Media for cell and bacterial culture.

Medium Components Notes 

LB broth Add 25g LB Broth (Roth) per litre of 
ddH2O. Mix and autoclave liquid cycle 
for 30 min. Add antibiotic after cooling.

Growing bacteria for 
transformation or cloning. 

LB Agar Add 5g Bacto-tryptone, 2.5g Yeast 
extract, 5g NaCl* and 7.5g Agar to 
500ml ddH2O. Mix and autoclave liquid 
cycle for 20 min. Add antibiotic when 
agar cools to ca. 50-55°C.  

Growing bacteria for 
transformation or cloning. 
Makes ca. 20x 10cm plates. 

Basic medium 
for retroviral 
production 

DMEM/high glucose/Glutamax (Gibco) 
10% Fetal Calf Serum (FCS; Invitrogen) 
1x Non-essential Amino Acids (NEAA; 
100x, Gibco) 
1x Sodium Pyruvate (100x; Gibco) 

FCS is heat inactivated at 56°C 
for 30 min. Medium for growth 
and expansion of HEK gpg293 
cells. Add Tetracycline, 
Puromycin, G418 and PenStrep. 
Filter sterilize. Store at 4°C. 

Packaging
medium

DMEM/high glucose/Glutamax  
10% FCS 
1x NEAA 
1x Sodium Pyruvate 

Medium for retroviral packaging 
after transfection. Without 
Tetracycline. Filter sterilize. 
Store at 4°C.

Opti-MEM, 10% Opti-MEM (Gibco) 
10% FCS 

Medium for transfection for 
retroviral production.  

Astrocyte
Plating medium 

DMEM:F12 (Gibco) 
10% FCS 
1x PenStrep (100x; Sigma) 
10 ng/ml EGF (10 µg/ml; Invitrogen) 
10 ng/ml bFGF (10 µg/ml; Invitrogen) 

Medium for growing and 
seeding postnatal astrocytes. 
No filter steritization. 

Astrocyte
differentiation 
medium

DMEM:F12 (Gibco) 
1x PenStrep (100x, Sigma) 
B27 supplement (Gibco) 

Medium for growing seeded 
postnatal astrocytes 24h after 
transduction.  

E14 Plating 
medium

DMEM-Glutamax (Gibco)  
10% FCS
1x PenStrep (100x) 

Medium for plating E14 cortical 
cells. No filter steritization.  

E14
differentiation 
medium

DMEM-Glutamax (Gibco)  
1x PenStrep (100x) 
B27 supplement  

Medium for neuronal 
differentiation of E14 cortical 
culture. No filter steritization. 
Add 1ml B27 to 50ml medium.  

* LB agar plates without NaCl used for growing retro- and lentiviral vectors.  
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5 Appendix 

5.1 Appendix 1: List of abbreviations

AChR   acetylcholine receptor

AcOr   acridine orange

AMPA   α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor

aNSC   adult neural stem cell

AON   anterior olfactory nucleus

ARA-C  Arabinofuranosyl Cytidine

ASLV-A  avian sarcoma and leukosis virus type-A

BDNF   brain-derived neurotrophic factor

bFGF   basic fi broblast growth factor

BLBP   brain lipid-binding protein

BrdU   bromodeoxyuridine

BSA   bovine serum albumin

CAG   chicken-b-actin

cAMP    cyclic adenosine monophosphate

ChAT   choline acetyltransferase

cDNA   complementary deoxyribonucleic acid

CNS   central nervous system

CREB   cAMP response element-binding

CVS   challenged virus strain

DAPI    4’,6-diamidino-2-phenylindole
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Dcx   doublecortin

ddH2O  double-distilled water

DiI   1,1’-dioctadecyl-3,3,3’,3’-tetramethyl-indocarbocyanine perchlorate 

DNA   deoxyribonucleic acid

dNTP   deoxyNucleotide triphosphate

DPBS   Dulbecco’s phosphate buffered saline

E14   embryonic day 14

EB   Evans blue

EDTA   ethylenediaminetetraacetic acid

EGF   epidermal growth factor

eGFP   enhanced green fl uorescent protein

EnvA   envelope protein of ASLV-A

EPL   external plexiform layer 

FCS   fetal calf serum

G   rabies virus glycoprotein

GABA   g-amino-butyric acid

GFAP   glial fi brillary acidic protein

GCL   granule cell layer

GL   glomerular layer

GPI   glycophosphatidylinositol

h   hours

HBSS   Hank’s buffered salt solution

HEK   human embryonic kidney

HIPP   hilar perforant path-associated 

HICAP  hilar commissural/associational pathway-associated

HMG   high mobility group

HRP   horseradish peroxidase

HSV   herpes simplex virus

5-HT   5-hydroxytryptophan

Hz   Hertz
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IP   intermediate progenitors

IPSC   inhibitory postsynaptic currents

IRES   internal ribosomal entry site

KCC2   neuronal potassium chloride co-transporter 

kHz   kiloHertz

L   rabies virus RNA-dependent RNA polymerase

I   litre

LEC   lateral entorhinal cortex

LGE   lateral ganglionic eminence

LOT   lateral olfactory tract

LTP   long term potentiation

LTR   long terminal repeat

M   rabies virus matrix protein

MCL   mitral cell layer

MCS   multiple cloning site

MEC   medial entorhinal cortex

ml   millilitre

mM   millmolar

MMLV   Moloney murine leukemia virus

MOI   multiplicity of infection   

MOPP   molecular layer perforant path-associated

mOsm   milliosmoles

MP-1   mouse protamine-1 gene

mRNA   messenger ribonucleic acid

MS   medial septum

ms   millisecond

N   rabies virus nucleoprotein

n   number of samples

NCAM   neural cell adhesion molecule

NDB   nucleus of the diagonal band of Broca
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NSC   neural stem cell

NKCC1  sodium potassium chloride co-transporter

NMDAR  N-Methyl-D-aspartate receptor

NPY   neuropeptide Y

P   rabies virus phosphoprotein

PBS   phosphate buffered saline

PCR   polymerase chain reaction

PFA   paraformaldehyde

PGC   periglomerular cell

PHA   Phasolus vulgaris agglutinin

PrV   pseudorabies virus

PSA-NCAM  polysialated-neural cell adhesion molecule

PVDF   Polyvinylidene fl uoride

RABV   EnvA-pseudotyped rabies virus

RFP   red fl uorescent protein

RITC   Rhodamine isothiocyanate

RMS   rostral migratory stream

RNA   ribonucleic acid

rpm   rotations per minute

RT   room temperature

s   second

SAD   street alabama dufferin

SEZ   subependymal zone

SGZ   subgranular zone

SRY   Sex-determining region Y

TAP   transit amplifying precursor

TBS   tris buffered saline

TE   tris-HCl EDTA

TG1   TVA transgene primer 1

TG2   TVA transgene primer 2
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TH   tyrosine hydroxylase

TTC   tetanus toxin

TVA   tumor virus A

VGLUT  vesicular glutamate transporter

VSV   vesicular stomatitis virus

VSVG   vesicular stomatitis virus glycoprotein

VTA   ventral tegmental area

WGA   wheat germ agglutinin

µM   micrometer

5.2 Appendix 2: List of fi gures

Fig. 1.1 Sites of neurogenesis in the adult brain.

Fig. 1.2  Trisynaptic loop of hippocampal circuitry.

Fig. 1.3  Schematic of afferent inputs to the dentate gyrus.

Fig. 1.4  Hippocampal neurogenesis.

Fig. 1.5  Cellular organization of the olfactory bulb.

Fig. 1.6  Schematic of afferent inputs to the olfactory bulb.

Fig. 1.7 Subependymal zone neurogenesis.

Fig. 1.8  Transneuronal transfer of tracer using conventional methods.

Fig. 1.9  Transneuronal transfer of tracer using viral tracers.

Fig. 1.10  Rabies virion.

Fig. 1.11  Monosynaptic tracing technique.

Fig. 2.1   Graphical abstract.

Fig. 2.2   First generation of retroviral constructs and RABV vector.

Fig. 2.3  Transduction of E14 cortical cultures.

Fig. 2.4  Mechanism of 2A peptide co-translational cleavage.

Fig. 2.5  Glycoprotein expression from retroviral constructs.
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Fig. 2.6  Glycoprotein expression from retroviral constructs.

Fig. 2.7  Monoclonal antibody against TVA.

Fig. 2.8  Transduction of E14 cortical cultures and synaptic connectivity.

Fig. 2.9  Transduction of E14 cortical culture with G-pseudotyped RABV.

Fig. 2.10 Transduction of postnatal astrocytes with RABV.

Fig. 2.11  Transduction of postnatal astrocytes with SAD L16 RABV.

Fig. 2.12  Implementation of the tracing technique in the adult dentate gyrus.

Fig. 2.13  Voluntary exercise increases neurogenesis.

Fig. 2.14  Transsynaptic tracing in the adult dentate gyrus.

Fig. 2.15  Transsynaptic tracing in the adult dentate gyrus.

Fig. 2.16  Location of transsynaptically labelled neurons.

Fig. 2.17  Axonal arborisation of EnvA-pseudotyped RABV-traced dentate

  interneurons.

Fig. 2.18  Phenotypic characterisation of EnvA-pseudotyped RABV-traced 

  interneurons.

Fig. 2.19  Dependence of EnvA-pseudotyped RABV infection on TVA expression.

Fig. 2.20  Cell poplulations infected with G-pseudotyped RABV.

Fig. 2.21  Transsynaptically traced putative mossy cells.

Fig. 2.22  EnvA-pseudotyped RABV-labelled glial cells.

Fig. 2.23 Monosynaptically traced neurons in the basal forebrain.

Fig. 2.24  Monosynaptically traced cortical projections.

Fig. 2.25  Transsynaptically traced neurons in the subiculum.

Fig. 2.26 Pseudotransduction of TVA.

Fig. 2.27  Pseudotransduction of TVA.

Fig. 2.28 Pseudotransduction of TVA.

Fig. 2.29 Cell types labelled with EnvA-pseudotyped RABV in hGFAP-TVA mice.

Fig. 2.30 Cell types labelled with EnvA-pseudotyped RABV in hGFAP-TVA mice.

Fig. 2.31 Cell types labelled with EnvA-pseudotyped RABV in hGFAP-TVA mice.

Fig. 2.32 Schematic of monosynaptic tracing in hGFAP-TVA mice.

Fig. 2.33 EnvA-pseudotyped RABV-traced neurons in the dentate gyrus of 
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  hGFAP-TVA mice.

Fig. 2.34 EnvA-pseudotpyed RABV-traced putative mossy cells in hGFAP-TVA mice.

Fig. 2.35 Cholinergic projections to adult-generated neurons in hGFAP-TVA mice. 

Fig. 2.36 Implementation of the tracing technique in the adult olfactory bulb.

Fig. 2.37  Adult-generated granule cells in the olfactory bulb.

Fig. 2.38 Adult-generated periglomerular cells in the olfactory bulb.

Fig. 2.39 EnvA-pseudotpyed RABV-traced neurons in the olfactory bulb.

Fig. 2.40 EnvA-pseudotpyed RABV-traced neurons in the olfactory bulb.

Fig. 2.41 EnvA-pseudotpyed RABV-traced neurons in the olfactory bulb.

Fig. 2.42 Absence of mitral cell labelling by RABV.

Fig. 2.43 Monosynaptically traced long-distance projections to adult-generated 

  neurons in the olfactory system.

Fig. 3.1         Temporal pattern of presynaptic connectivity of newborn dentate granule  

                      neurons. 

Fig. 3.2 Feedforward mechanism of disinhibition by Blanes cells.
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