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Figure 4.2. Dab1 is Expressed at Excitatory and Inhibitory Synapses in 
Hippocampal Neurons (DIV21). A) Dab1 and the inhibitory pre-synaptic protein 
GAD67 were co-expressed by a majority of interneurons in culture. Upon further 
magnification (white box, right panels) Dab1 can be detected in some putative 
presynaptic puncta (white circle). However, not all GAD67-positive presynaptic 
terminals are Dab1-positive (yellow circle). B) Dab1 and the postsynaptic 
inhibitory synapse scaffold protein gephyrin were co-expressed by all pyramidal 
cells in culture. Upon closer magnification (white box, right panels), Dab1 and 
Gephyrin are found to co-localize at some inhibitory postsynaptic sites (white 
circle), but not all sites (yellow circle). C) Dab1 and the excitatory synapse 
scaffold protein PSD-95 were co-expressed by all pyramidal neurons in culture. 
Magnification of a dendritic segment (white box), reveals localization of Dab1 at a 
subset of PSD-95-labeled dendritic spines positioned perpendicular to the 
dendritic shaft (white circle). However, Dab1 was not expressed by all PSD-95-
positive clusters, indicating that Dab1 is not ubiquitously-expressed at excitatory 
synapses. Scale bars: 40 µm (left panels) and 5 µm (right panels). 
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Figure 4.3. Selective Loss of Dab1 Expression in GABAergic Interneurons 
does not Affect Forebrain Development. A-B) Dab1 and GAD67 were co-
labeled in 2-3 m.o. WT and inhibitory interneuron-specific conditional knockout 
mice (iKO). DAPI was included as a nuclear co-stain. In hippocampal area CA1 
of WT mice, Dab1 was detected in most GAD67-positive cells along the interface 
of stratum radiatum (s.r.) and stratum lacunosum moleculare (s.l.m.)(white 
arrows). In contrast, Dab1 was not detected in GAD67-positive cells in iKO mice 
(yellow arrows). However, Dab1 expression in the soma and dendrites of 
pyramidal cells appeared normal. Scale bars 50 um (left panels) and 25 um 
(magnified panels, right). C) Western blot analysis of Dab1 protein levels in adult 
WT (n = 6), inhibitory knockout heterozygous (iHET; n = 7), and iKO mice (n = 4) 
revealed normal Dab1 expression levels in the hippocampus (HIPP) and cortex 
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(Cx). A dramatic gene dose-dependent down-regulation of Dab1 was detected in 
the cerebellum of iHET and iKO mice. **, p < 0.001; ***, p < 0.0001 (comparison 
to WT); #, p < 0.0001 (comparison to iHET). D) Nissl-stained sections from 3-4 
week old WT and iKO mice show normal lamination of cortical structures but 
severely perturbed cerebellar development in iKO mice, marked by reduced 
cerebellar size and an absence of foliation. Scale bars, 200 µm. 
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Figure 4.4. Patterning of Inhibitory Synaptic Terminals is Normal in the 
Forebrain of iKO Mice. GAD67 immunostaining in sections from 3-4 week old 
WT and iKO mice revealed no major differences in GABAergic interneuron 
placement and synaptic patterning throughout the hippocampus (Hipp) or cortex 
(Cx). In the WT cerebellum, Purkinje cells (PCs) are found to align in a signal 
layer (white arrow) and extend dendrites outward into the molecular layer. In 
contrast, PCs in the iKO cerebellum largely accumulate in the cerebellar cortex. 
Only a small population of PCs migrates outward to extend dendrites into the 
molecular layer (white arrow). Scale bars, 200 µm. 
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Figure 4.5. Altered Expression of Synaptic Proteins in Adult iHET and iKO 
Mice. Hippocampal homogenates from 2-3 month old WT (n = 12), iHET (n = 
12), and iKO (n = 3) mice were used to measure the levels of pre- and 
postsynaptic proteins. A) No changes were detected in the levels of Dab1 or full-
length Reelin (450 kDa) and its major proteolytic fragments (i.e. 370 kDa and 180 
kDa). B) No changes were detected in the levels of the presynaptic proteins 
synapsin, synaptophysin, GAD65, and GAD67. However, a selective up-
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regulation of VGLUT1 and VGAT was detected in iKO mice. C) No significant 
changes were detected in the levels of the postsynaptic NMDAR subunit NR2A 
or in the inhibitory scaffold protein gephyrin. The levels of the NMDAR subunits 
NR1 and NR2B were increased in iHET and iKO lysates compared to wild-type 
controls. PSD-95 levels were significantly elevated in only iKO mice. *, p < 0.05 
compared to WT; #, p < 0.05 compared to iHET. 
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Figure 4.6. Altered Excitatory Neurotransmission and Synaptic Plasticity in 
Adult iHET and iKO Mice. A) Input/output was evaluated by comparing fEPSP 
slope to fiber volley (FV) volley amplitude, both of which were determined across 
a range of stimulus intensities (i.e. 1-15 mV). Comparison of non-linear fitted 
lines revealed that the I/O relationship was different between WT (n = 45 slices, 
10 mice), iHET (52 slices, 11 mice), and iKO mice (29 slices, 5 mice). To better 
understand what contributed to altered I/O relationship, the fEPSP and FV were 
compared separately. B) FV amplitude was compared to stimulus intensities 
between genotypes. Comparison of non-linear fitted lines revealed significantly 
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different curves between WT, iHET, and iKO slices, reflecting a dose-dependent 
increase in presynaptic activation associated with reduced Dab1 expression by 
interneurons. C) Comparison of the fEPSP slope to stimulus intensity, revealed a 
significant increase in postsynaptic neurotransmission in iKO compared to iHET 
and WT mice. D) No differences were seen in short-term presynaptic plasticity 
measured by paired-pulse facilitation (PPF) at 20-300 ms interpulse intervals in 
WT (n = 16 slices, 4 mice), iHET (n = 24 slices, 5 mice), and iKO (n = 16 slices, 3 
mice). E-F) LTP was induced in WT (n = 12 slices, 4 mice), iHET (n= 15 slices, 5 
mice), and iKO (n = 13 slices, 5 mice) slices using a theta-burst stimulation 
protocol. Significant reductions were seen in the induction of LTP (first 10 
minutes) in iKO compared to WT slices. Significant reductions in the 
maintenance of LTP (last 10 minutes) and overall LTP (total 60 minutes) were 
seen in both iHET and iKO slices compared to WT controls. *, p < 0.05.  
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Figure 4.7. Dab1 is Expressed by GABAergic Interneurons of the Adult 
Cortex. Intense immunoreactivity of GAD67 at inhibitory synapses was seen in 
the WT cortex, particular in layers containing projection neurons (i.e. II/III and V). 
Although GAD67-positive cell bodies were difficult to identify, a subpopulation of 
interneurons were more readily detected in cortical layer VI. Upon closer 
magnification (yellow box, right panels), perinuclear co-labeling is seen between 
GAD67 and Dab1 in putative GABAergic interneurons (white arrows). With loss 
of Dab1 in most excitatory neurons in the ecKO mice, some cells in deep cortical 
layers appeared intensely Dab1-positive. Upon closer magnification (yellow box), 
GAD67 and Dab1 co-label a readily visualized subpopulation of GABAergic 
interneurons (white arrows). However, not all Dab1-positive cells were GAD67-
positive. Scale bars, 200 µm (left panels) and 25 µm (right panels).    
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Chapter 5 

 

Concluding Remarks 

 

 Despite a wealth of evidence implicating altered Reelin signaling in the 

pathoetiology of various disease states (e.g. Alzheimer’s disease and 

schizophrenia), a critical review of the literature reveals that still, very little is 

known regarding the regulation and function of Reelin signaling, particularly 

following the completion of neuronal migration.  Importantly, the specific 

mechanisms responsible for initiating and controlling the magnitude, duration, 

and termination of the Reelin signal, are entirely unknown. Although the 

projection neuron and excitatory synapse represent the two primary loci of Reelin 

signaling studied in the developing and adult brain, respectively, their roles as 

physical sites of Reelin signaling should not overshadow other potential loci, 

including GABAergic interneurons and their inhibitory synapses.  

 In this dissertation, we have addressed some important knowledge gaps 

in the field by demonstrating in Chapter 2, that Reelin signaling may be initiated 

following synaptic potentiation through tPA-mediated proteolysis. Then in 

Chapter 3, we provide the first conclusive evidence that Reelin signaling in adult 

excitatory neurons is required for hippocampal synaptic plasticity and associative 

learning. Finally, in Chapter 4, we focused on an entirely new locus of Reelin 
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signaling, the inhibitory synapse. We demonstrate that expression of Dab1 by 

GABAergic interneurons is critical for proper excitatory neurotransmission and 

synaptic plasticity, but not for the placement of interneurons and patterning of 

inhibitory synapses. Below, we will discuss the importance of these findings and 

address future studies that may shed further light on the Reelin signaling 

pathway and its critical role in the developing and adult brain.  

 

Proteolysis: An Important Initiator of the Reelin Signal 

 

In Chapter 2, we provided evidence that synaptic activity promotes tPA-

dependent proteolysis of Reelin. Specifically, we found that Reelin is processed 

by tPA at a single site between EGF-like repeats 6 and 7. Although tPA was not 

involved in cleaving Reelin under basal conditions, induction of NMDAR-

independent and -dependent forms of LTP led to distinct tPA-dependent changes 

in Reelin expression and processing. In this section, we will discuss the 

implications of our findings and address future studies that may yield helpful 

insight of this novel mode of Reelin signaling regulation. Moreover, we will 

discuss some of the limitations encountered with the ex vivo slice culture model, 

which will be useful to consider when studying Reelin processing in general.  

What is the function of Reelin proteolysis following synaptic activity? In our 

study, we were unable to determine if Reelin proteolysis contributed to changes 

in the level of Reelin signaling, owing to the limited amount of protein available 

from CA1 mini-slices. However, the importance of Reelin proteolysis can be 
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inferred from structure-function studies of individual Reelin fragments. 

Specifically, full-length Reelin and fragments containing EGF-like R5-6 bind the 

conserved ligand-binding modules of ApoER2 and VLDLR (Yasui et al., 2010), 

and are sufficient to induce canonical Reelin signaling (Jossin et al., 2004). On 

the other hand, recent studies suggest that full-length Reelin and fragments 

containing N-R2 act in a non-canonical fashion through binding EphBs and 

initiating forward signaling (Bouche et al., 2013). Additional studies suggest that 

N-R2 containing forms of Reelin may also bind β1-integrins (Dulabon et al., 2000; 

Dong et al., 2003; Schmid et al., 2005). Thus, individual or sequential cleavage 

events may specify the extent to which Reelin fragments activate canonical and 

non-conical Reelin signaling. Based on our observation that cLTP selectively up-

regulated the Reelin N-R6 fragment, we predict that this fragment itself may 

contribute to an increase in canonical Reelin signaling, which is known to 

facilitate the expression of LTP (Weeber et al., 2002; Beffert et al., 2005; Beffert 

et al., 2006). Since we did not observe a significant up-regulation of the N-R2 

fragment, our findings also suggest that Reelin is not always sequentially 

processed at both major cleavage sites. To test the functional significance of 

Reelin processing on canonical signaling, future studies will require a novel 

method for detecting Dab1 tyrosine phosphorylation when only limited quantities 

of protein are available (e.g. Phos-tag SDS-PAGE). Other downstream signal 

components of the canonical (e.g. SFK activation) and non-canonical pathway 

(e.g. EphB phosphorylation) should also be tested.  
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Our finding that Reelin is directly cleaved by tPA suggests that it may act 

downstream of this critical extracellular protease, whose activity-dependent 

secretion promotes synapse formation, hippocampal LTP, and learning and 

memory (Pang et al., 2004; Nagappan et al., 2009). Although we have focused 

exclusively on tPA, it is likely that other proteases contribute to basal and activity-

dependent processing of Reelin. In support of this notion, recent studies have 

reported that disintegrin and metalloproteinase with thrombospondin motifs 4 and 

5 (ADAMTS-4 and -5) are both capable of cleaving Reelin at N- and C-terminal 

cleavage sites in vitro (Hisanaga et al., 2012; Krstic et al., 2012). Moreover, 

although MMP-9 does not cleave Reelin directly, it does activate Reelin-cleaving 

enzymes (Hisanaga et al., 2012; Krstic et al., 2012). Even though little is known 

about the function of ADAMTS-4 and -5 in the adult brain, MMP-9 is an activity-

dependent protease with an essential role in regulating synaptic plasticity (Wang 

et al., 2008). Future studies should address the role of these enzymes in activity-

dependent processing of Reelin. It is possible that different forms of synaptic 

plasticity (e.g. LTP or long-term depression) modulate Reelin processing via 

distinct proteolytic pathways.  

In addition to its cleavage by tPA, we also found that plasmin was capable 

of cleaving Reelin at several sites and that the N-R2 region of Reelin was 

comparatively-resistant to cleavage. This finding suggests that tPA does not only 

influence Reelin processing directly, but may also indirectly regulate Reelin 

processing via conversion of plasminogen into plasmin. This finding is in contrast 

to the brain-derived neurotropic factor (BDNF), whose conversion from its pro- to 
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mature form, requires a single cleavage by plasmin (Pang et al., 2004). Although 

the current study did not focus on plasmin-mediated Reelin processing, the 

additional cleavage sites that are sensitive to plasmin may represent a more 

complex mechanism for controlling the duration and magnitude of Reelin 

signaling. The involvement of plasmin may explain why forskolin treatment led to 

tPA-dependent down-regulation of Reelin fragment levels, which contrasts the 

selective up-regulation of Reelin N-R6 seen in TEA-treated slices.  

Although we were able to detect activity-dependent processing of Reelin 

in ex vivo hippocampal slices, the model system employed may not be ideal. The 

assumption that Reelin associates with the ECM may mistakenly lead many to 

believe that this is the preferred state of extracellular Reelin under basal 

conditions. In fact, the fate of Reelin following secretion has not been rigorously 

studied and we may ultimately find that Reelin more readily floats within the 

interstitial space between neurons. In our hands, while evaluating the synaptic 

expression of Reelin and Dab1 with subcellular fractionation (Chapter 3), we 

observed that Reelin is highly-soluble and may not, in most structures, bind very 

stably to the extracellular space (data not shown). This could explain why Reelin 

immunostaining revealed limited localization to stratum radiatum of hippocampal 

area CA1, as well as most synaptic subfields of the forebrain. The presence of 

punctate Reelin on pyramidal cell bodies of the cortex and to a lesser extent, 

stratum pyramidale of the hippocampus, may reflect surface-bound or 

internalized Reelin of cells with active Reelin signaling. A similar punctate stain 

was not detected on synaptic structures under basal conditions. Because of the 
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solubility of Reelin, the immunostaining may vastly underrepresent the presence 

of Reelin in hippocampal synaptic subfields. An alternative explanation is that 

synaptic subfields, such as stratum radiatum, may not be the major site of Reelin 

signaling. Testing both of these possibilities will help determine whether ex vivo 

slices lend themselves to meaningful experimental manipulation of Reelin 

processing, or if in vivo models are superior for the study of activity-dependent 

Reelin processing.  

The limitation noted in the previous paragraph may also explain why 

extensive experimental variation was observed when studying Reelin processing 

in acute hippocampal slices. The solubility of Reelin may lead to its leaching from 

the slice into the culture media, and observed findings could simply reflect 

changes in the limited Reelin that remains bound to the slice or that is stored in 

intracellular compartments. Indeed, CA1 itself may be too heterogeneous for the 

study of Reelin processing as most Reelin is contained within interneuron 

intracellular compartments and along the hippocampal fissure. A more focused 

approach would utilize an anatomical structure where significant Reelin levels are 

found, such as in the outer molecular layer of dentate gyrus or stratum 

lacunosum moleculare of CA1, where Reelin is secreted by perforant fibers. 

Future studies should first determine whether the abundant Reelin found along 

the hippocampal fissure is contained within axonal fibers or is extracellular.  

Taken together, we predict that synaptic activity initiates Reelin signaling 

via release of activity-dependent proteases, such as tPA. Additionally, differential 

proteolysis of Reelin may fine-tune down-stream signaling by regulating the 
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relative balance of canonical and non-canonical signaling. The fact that Reelin 

fragments are also found under basal conditions suggests that tonic Reelin 

signaling may also be important. Ultimately, the identification of proteases 

responsible for both activity-dependent and basal Reelin processing will help 

integrate our understanding of downstream Reelin signaling within the larger 

physiological framework of synaptic processes, such as plasticity. Future studies 

should establish and validate model systems for elucidating mechanisms of 

Reelin processing and signaling in the intact adult brain, as this may yield the 

most interpretable results.   

 

Synaptic Function of Dab1 

 

 It is well-established that Reelin signaling influences the formation and 

maturation of excitatory synapses, although the extent to which Reelin signaling 

contributes to the function of adult excitatory synapses is not well understood. 

Moreover, the possibility that Reelin signals onto other structures, such as 

inhibitory synapses, has not been previously addressed. Chapters 3 and 4 of this 

dissertation addressed these knowledge gaps through the characterization of two 

novel conditional knockout mice, in which Dab1 was selectively deleted in either 

excitatory neurons (eKO) or inhibitory interneurons (iKO). As mentioned in 

Chapter 1, Reelin signaling has numerous functions across the lifespan of an 

organism that can be bracketed into distinct ontological periods, such as 

neuronal positioning or synapse formation.  In this section, we will summarize 
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key findings made using the excitatory and inhibitory cKOs, particularly as they 

relate to these ontological periods. Also, we will discuss a range of experimental 

questions that can now be asked by implementing conditional knockout 

strategies for the study of Reelin signaling.  

In agreement with a shift in the function of Reelin signaling in the postnatal 

forebrain, we observed a dramatic down-regulation of Reelin and ApoER2, and to a 

lesser extent, Dab1, from postnatal day 7 through 21. This window of postnatal 

development spans a critical period of synapse formation, maturation, and 

elimination. Since our lab is primarily interested in the function of Reelin signaling at 

adult synapses, we studied the localization of Reelin and Dab1 in the mature 

hippocampus and cortex. Surprisingly, we found that Dab1 was expressed by both 

excitatory principle neurons and a subpopulation of GABAergic interneurons. In the 

eKO mice, the expression of Dab1 by interneurons was even more apparent. Upon 

closer examination, we also found that Dab1 and Reelin were co-expressed by a 

subset of cells, likely corresponding to residual Cajal-Retzius cells or GABAergic 

interneurons.   

When evaluating the synaptic expression of Dab1 in CA1 pyramidal cells, we 

found that Dab1 was expressed at both pre- and postsynaptic sites. We confirmed in 

the brain and in cultured primary neurons, that Dab1 was expressed at only a subset 

of excitatory postsynaptic sites. Furthermore, Dab1 was also present at some, but 

not all, pre- and post-synaptic inhibitory sites. Although we did not quantify the 

specific proportion of synaptic structures positive for Dab1, our finding that Dab1 

was not expressed at all inhibitory and excitatory synapses, warrants further 
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investigation. It is conceivable that Dab1 traffics exclusively to immature, plastic 

synapses, rendering them sensitive to Reelin signaling. Based on these findings, 

future studies should address subcellular trafficking of endogenous Dab1 at different 

morphological and developmental classes of excitatory and inhibitory synaptic 

structures. 

The remainder of this chapter will be broken into several sub-sections, 

discussing the pre- and post-synaptic function of Dab1 at inhibitory and excitatory 

synapses. 

 

Excitatory Presynaptic Locus 

 

Both subcellular fractionation and immunostaining experiments demonstrated 

that Dab1 traffics to the presynaptic site. In support of a presynaptic function of 

Dab1, previous studies have found that Reelin regulates neurotransmitter release by 

controlling the levels of the SNARE protein, SNAP-25 (Hellwig et al., 2011). 

Moreover, Reelin over-expressing mice exhibit dramatic increases in the density of 

presynaptic terminals (Pujadas et al., 2010). Finally, findings of impaired paired-

pulse facilitation, a measure of presynaptic short-term plasticity, in reeler, HRM and 

ApoER2 EIG mutants (Lacor et al., 2000; Beffert et al., 2006; Qiu et al., 2006) further 

support this idea. Interestingly, in our ecKO mice, we found that the postnatal loss of 

Dab1 in area CA1 led to PPF deficits. As these mice exhibit minimal loss of Dab1 in 

CA3, altered postsynaptic signaling may drive observed presynaptic impairments. 

For example, disruption of trans-synaptic signaling molecules such as the 



231 
 

EphB/Ephrin complex, which have been recently found to interact with Reelin during 

development (Senturk et al., 2011; Bouche et al., 2013) and have established roles 

in regulating synaptic plasticity (Rodenas-Ruano et al., 2006), may help explain how 

postsynaptic loss of Dab1 could drive impaired pre-synaptic plasticity. Alternatively, 

PPF deficits observed in eKO mice could originate from indirect alterations in the 

properties of CA3 pyramidal cells due to reduced Reelin signaling in the mossy fiber 

and perforant pathways. Future studies that utilize viral-delivery of Cre, particularly in 

CA3, may more definitely address the specific function of Reelin signaling at the 

excitatory presynaptic site.  

 

Excitatory Postsynaptic Site 

 

 Previous experiments have found that Reelin signaling is critical for the 

formation, maturation, and adult function of excitatory synapses. An important 

limitation of most of these studies is that they utilized mouse models in which Reelin 

signaling was either partially (or completely) impaired during development, or 

employed supra-physiological gain-of-function approaches. To study the extent to 

which Reelin signaling affects mature excitatory synapses, we generated the eKO 

mice, which exhibited loss of Dab1 in hippocampal area CA1 starting around 

postnatal day 19. We observed no significant changes in the placement and 

dendritic morphology of CA1 pyramidal cells, as well as in dendritic spine density or 

the levels of major components of glutamatergic synapses. This finding suggests 

that the established function of Reelin in regulating dendritogenesis and the 
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formation of dendritic spines occurs during earlier, ontologically-distinct windows of 

Reelin signaling.  

Interestingly, we did find that the size of dendritic spines was reduced on the 

apical dendrites of CA1 pyramidal cells, implying that Reelin may be required for the 

formation of large, mature dendritic spines in the adult hippocampus. In support of 

this idea, Reelin-overexpressing mice have profound increases in dendritic spine 

size (Pujadas et al., 2010). Since we evaluated spine density and morphology only 

at 2 months of age, it is possible that Dab1 loss during later stages of postnatal 

synaptic development (P20-P30) may be responsible for this effect. Alternatively, 

Dab1 may play a critical day-to-day function in activity-dependent stabilization and 

enlargement of dendritic spines. Considering that we saw restricted Dab1 

expression to a subset of excitatory synaptic sites, comparing morphological 

subtypes of spines in which Dab1 traffics to those that are altered in eKO mice, may 

be particularly revealing. Also, inducible expression or viral delivery of Cre at earlier 

and later postnatal days will be useful for determining the specific windows within 

which Dab1 mediates spine formation and morphogenesis.  

 Potentially explaining observed alterations in the morphology of dendritic 

spines, we also found that loss of Dab1 led to a gradual decrease in the basal 

activation of Akt, a kinase critical for downstream Reelin signaling (Beffert et al., 

2002; Jossin and Goffinet, 2007). To our surprise, basal activation of the mitogen-

activated kinases, ERK1 and ERK2, was also decreased. These findings suggest 

that either tonic Reelin signaling contributes substantially to the regulation of Akt and 

MAPK pathways, or that Dab1, as an intracellular adaptor protein, engages in 
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Reelin-independent signaling processes that contribute to kinase regulation. We also 

found that the activation of ERK1/2 by synaptic potentiation was blunted in ecKO 

mice at 2 months of age, prior to basal decreases in ERK1/2 activation. This finding 

is interesting in light of our data demonstrating that synaptic potentiation promotes 

the proteolysis of Reelin, which may initiate downstream Reelin signaling. However, 

a role of Reelin in MAPK regulation has been studied previously and yield conflicting 

results (Ballif et al., 2003; Simo et al., 2007). Future studies should address whether 

other signaling components previously identified as important for Reelin signaling 

during development, are also impaired in ecKO mice, both tonically or in response to 

Reelin treatment. 

 Our finding of impaired induction of LTP in eKO mice is consistent with an 

important role for Dab1 in regulating hippocampal synaptic plasticity. Moreover, the 

inability of Reelin to enhance LTP is in complete agreement with published studies 

(Weeber et al., 2002). At the age that we conducted hippocampal field recordings, 

Dab1 is almost entirely absent from CA1 pyramidal cells, which exhibit marked 

reductions in spine volume and activity-dependent ERK1/2 activation. Considering 

these basal differences, as well as reduced PPF, the impairments of LTP may 

simply result from underlying biochemical and structural deficits that limit the 

expression of LTP. Although these data definitively establish that Dab1 is a critical 

regulator of synaptic plasticity, it is still difficult to establish that this is due in part to 

an active and ongoing role of Dab1 and Reelin signaling in the molecular processes 

that give rise to LTP. An alternative explanation is that tonic Reelin signaling, driven 

by day-to-day experiences and hormonal influences, accounts for observed 
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differences in LTP. Future studies should establish whether Reelin signaling is 

actually activated by synaptic plasticity and its role, if any, in the fundamental 

biochemical, structural, and physiological changes that enable the induction and 

maintenance of long-term synaptic plasticity. This information is critical, as it will 

likely define the temporal window within which Reelin signaling impairments 

associated with various neurological disorders, contribute to disruptions in synaptic 

function and cognition.  

Another important point to consider in the future is that LTP at the Schaffer 

collateral / CA1 synapse has been the primary model for studying Reelin signaling 

thus far. Considering that Reelin levels seem to be low in stratum radiatum 

compared to other hippocampal regions (s.p. and s.l.m. of CA1), future studies may 

gain more information by determining how generalizable observations made at the 

SC/CA1 synapse are. Moreover, field recordings provide very gross measures of 

overall connectivity and changes in plasticity in a given circuit. The use of whole-cell 

patch recordings should be a high priority, as they will provide more definitive 

measures of how loss of Dab1 impairs distinct cell-autonomous and non-

autonomous measures of spontaneous and evoked synaptic activity and plasticity. 

Moreover, rescue experiments utilizing viral delivery of wild-type or mutant Dab1 

constructs, will be helpful for verifying mechanisms of Reelin signaling at synapses. 

 In agreement with published studies, we also verified that Reelin signaling in 

the adult brain is essential for associative learning and maintenance of long-term 

spatial memories. Importantly, our findings are not confounded by many of the 

earlier developmental problems that might have contributed to altered learning and 
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memory in other Reelin signaling mutants (Weeber et al., 2002; Beffert et al., 2005; 

Beffert et al., 2006; Qiu et al., 2006). However, it is difficult to conclude based on the 

current findings whether or not Reelin signaling is actively involved in the formation 

or maintenance of memories, per se. Future studies should establish whether 

learning itself can drive changes in Reelin signaling. In eventuality, the development 

of a spatiotemporal model of Reelin signaling in the adult brain will be required to 

validate the relevance of mechanisms and functions of Reelin signaling garnered in 

other experimental models (e.g. cortical development or dissociated neurons).  

 

Inhibitory Pre- and Postsynaptic Locus 

 

Our finding that Dab1 is expressed by GABAergic interneurons and traffics to 

inhibitory synapses will likely have profound implications on how we view Reelin 

signaling in the developing and adult brains. GABAergic interneurons are highly 

heterogeneous, comprising at least 22 cell types that differ in their biochemical, 

physiological, and anatomical properties. They are responsible for many aspects of 

network function, including fine-tuning of excitatory transmission through feed-back 

and feed-forward inhibition and preventing over-excitation (Le Magueresse and 

Monyer, 2013).  

Both the placement and morphological development of interneurons is 

severely perturbed in reeler and scrambler mice (Hevner et al., 2004; Pla et al., 

2006; Yabut et al., 2007). A recent study, however, demonstrated that interneuron 

misplacement in these mice is a function of abnormal positioning of projection 
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neurons, and concluded that Reelin signaling does not influence the positioning of 

either early- or late-born interneurons (Pla et al., 2006). Although this study did not 

address other aspects of interneuron development, it did report that all GABAergic 

interneurons studied were Dab1-positive. Consistent with this finding, we also found 

that a substantial portion of GABAergic interneurons are Dab1-positive in the mature 

brain, and that the absence of Dab1 in developing GABAergic interneurons did not 

grossly affect their placement and patterning of inhibitory synapses. However, our 

measures of interneuron placement and synaptic patterning were crude, and loss of 

Dab1 in interneurons could give rise to abnormal development of specific subtypes 

of interneurons. To address this limitation, we are presently studying the placement 

of interneurons using biochemical markers (e.g. parvalbumin, calbindin, etc.) that 

recognize distinct interneuron subtypes. However, most biochemical markers for 

interneurons do not report morphology adequately. To overcome this, future studies 

should also employ Cre-sensitive fluorescent reporters that allow detection of fine 

neural processes. In parallel, the identification of the specific interneuron subtypes 

expressing Dab1, will allow more specific and detailed interrogation of the role of 

Reelin-dependent, or independent, signaling in GABAergic interneurons.  

It is widely presumed that Reelin signaling influences the formation and 

maturation of glutamatergic synapses by directly signaling upon them, although this 

has not been directly measured. Our data challenges this idea, as even partial loss 

of Dab1 in GABAergic interneurons, led to specific up-regulations of the NR1 and 

NR2B NMDAR subunits, but not NR2A. This change in the expression of NR2B, in 

particular, implies that the developmental switch in NMDAR subunit composition 
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from NR2B � NR2A may be perturbed by loss of Reelin signaling in interneurons.  

Indeed, several studies have found that loss of Reelin signaling in cultured neurons 

and in the brain leads to impaired maturation of NMDARs (Sinagra et al., 2005; Groc 

et al., 2007; Qiu and Weeber, 2007; Iafrati et al., 2013). Interestingly, a similar 

maturation of NMDAR subunit composition has also been reported to occur in a 

subset of interneurons (Matta et al., 2013). However, because interneurons 

comprise a small proportion of cells in the hippocampus (< 10%), it is doubtful that 

observed biochemical changes originate exclusively from this cell type. Future 

studies should employ whole-cell recordings to determine how loss of Dab1 in 

interneurons affects the maturation of NMDARs in both pyramidal cells and 

interneurons. 

The sensitivity of excitatory neurotransmission to reduced Dab1 expression in 

GABAergic interneurons is highlighted by our findings of enhanced evoked 

presynaptic activity in iHET and iKO mice, as well as increased postsynaptic EPSP 

in the iKO mice. The increase in presynaptic neurotransmission could be caused by 

disinhibition of CA3 pyramidal cells, or an increase in the number or excitability of 

the Schaffer collaterals. Even more surprising was that partial loss of Dab1 in 

interneurons led to impairments in LTP. The extent to which these findings reflect 

developmental abnormalities or ongoing functions of interneuronal Dab1 may be 

addressed by generating interneuron-specific inducible conditional knockouts. 

Another important question that should be addressed is whether observed 

biochemical and physiological changes reflect Reelin-dependent or –independent 

functions of Dab1.  
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Conclusion 

 

 A requisite to understanding how Reelin signaling impairments contribute 

to diseases such as Schizophrenia, is acquiring a detailed account of the specific 

loci of Reelin signaling in the brain. The partitioning of developmental and adult 

processes into distinct ontological phases will enable a focused dissection of 

mechanisms and functions of Reelin signaling that may contribute to neurological 

disorders with exclusively developmental, adult, or mixed etiologies. Based on 

data presented in this dissertation, we predict that Reelin signaling utilizes 

distinct mechanisms to influence several important sites in the brain, including 

excitatory and inhibitory pre- and post-synaptic structures.  
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