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ABSTRACT
Kelly Elizabeth Carstens: Perineuronal nets in hippocampal area CA2:
Regulation by activity and disease
(Under the direction of Serena Dudek)

Perineuronal nets (PNNs) first appear in the brain during early postnatal development and
increase until they are fully expressed in adulthood, often tracking the end of critical windows of
synaptic plasticity1, 2. The experience-dependent development of PNNs in the brain is thought to
function as a molecular brake on plasticity during the closure of these critical windows 3, 4. PNNs
are typically associated with inhibitory neurons throughout the brain; however, I characterized a
dense localization of PNNs surrounding a population of excitatory pyramidal neurons in
hippocampal area CA2. I found that PNNs in CA2 function to restrict plasticity at CA2 synapses
in mice 14-18 days old (P14-18). I also identified a novel window of plasticity in area CA2, P811, an age prior to the maturation of PNNs in CA2.
PNNs are reportedly altered in several neurodevelopmental disorders such as temporal
lobe epilepsy (TLE) and Rett syndrome. I found that PNNs are precociously increased and
develop prematurely in a Rett mouse model. Moreover, PNNs appear to be at least one
mechanism restricting plasticity prematurely in CA2 of the Rett model mouse. Finally, because
PNNs are regulated by pathological activity, I characterized PNNs in a TLE mouse model. PNNs
were attenuated in CA2 by age P45, but were unchanged at younger ages after the onset of
seizures (P21). To further examine how activity regulates PNNs in CA2, we chemogenetically
increased or decreased CA2 activity for five days and found that PNNs are inversely regulated
iii

by activity in CA2. Overall, these findings reveal a critical function for PNNs in restricting
plasticity in CA2 and identify a novel window of plasticity in the hippocampus that may be
critical for understanding the severe hippocampal-dependent learning deficits associated with
many neurodevelopmental disorders.
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CHAPTER I- INTRODUCTION
Synaptic plasticity
The cellular basis of learning and memory has long been attributed to long-lasting
changes in synaptic function. The most well-characterized example of such synaptic plasticity is
long-term potentiation and depression (LTP or LTD respectively) of excitatory synaptic
transmission. LTP is the persistent strengthening of excitatory currents in the postsynaptic cell
in response to a high frequency electrical stimulation or a postsynaptic depolarization paired with
a lower frequency stimulation. This phenomenon was initially theorized by Donald Hebb, who
proposed that persistent neuronal activity can strengthen neighboring cells via “some growth
process or metabolic change”- now referred to at Hebbian plasticity 5. It wasn’t until about 20
years later when an electrophysiological readout of plasticity was first characterized in the rabbit
hippocampus 6, 7. Many mechanisms have since been proposed to explain LTP, many of which
require the postsynaptic calcium and ionotropic glutamatergic receptors NMDA (N-methyl-Daspartate) and AMPA (α-amino-3-hydroxy-5-methyl-4-isoaxazole propionic acid). Regulation of
synaptic plasticity is integral for refining circuit development and learning, especially during
critical windows of plasticity in the developing brain, such as ocular dominance plasticity in the
visual system.
Synaptic plasticity is thought to play a critical role in both the activity-dependent
refinement of neuronal circuits during development 8 and in learning in the mature brain 9. Early
studies of experience-dependent plasticity in development revealed that plasticity is more robust
1

in immature sensory cortical regions compared to adult 10-13. For example, LTP is readily
inducible in layer IV somatosensory neurons (by stimulation of thalamic inputs) in young rat
slices (P3-7) but resistant in older slices (P8-14) 14. Likewise, the ability to induce LTD is also
downregulated with age 15, 16. This age-restriction of thalamocortical plasticity was found in
several other brain regions, such as visual and auditory cortices, at different age windows.
However, most investigators presumed initially that the restriction of plasticity in the adult was
permanent in these areas. We now understand there to be many factors regulating cortical
plasticity in the mature brain, eg. neuromodulators such as acetylcholine 17. Overall, significant
progress has been made in identifying the molecular switches that occur during critical windows
of plasticity, however the precise mechanisms underlying plasticity in distinct regions of the
developing brain versus the mature brain remain unclear.

Critical period plasticity: a brief overview
The concept of critical periods in brain development has been an area of study for
decades 18, 19. A critical period, or sensitive window, in behavior and neural development refers
to a window in postnatal development when experience is required for normal development and
is vulnerable to abnormal experience. For example, early studies of sensitive windows of
learning identified chick imprinting as an experience-dependent behavior in early postnatal
development 20, 21. Similarly, experience of trauma or stress during early childhood development
has profound effects on cognitive and neural circuit development 22-26. Another way to study how
experience can change brain circuitry is the development of sensory systems. For example, the
development of vision and underlying visual system circuitry is dependent on activity from the
eye 27. Normal maturation of visual cortical circuits requires normal visual experience during
2

postnatal life 19, 28. This form of experience-dependent learning is by far the most well-studied
and is known as ‘the critical period’. The study of the visual system during sensitive versus nonsensitive stages of development has provided insight into the onset, duration and closure of the
sensitivity, and the underlying mechanisms regulating these different stages of plasticity.
The critical period was first characterized at the neuronal level more than 50 years ago by
Hubel and Wiesel while recording activity of primary visual cortex (V1) neurons in response to
visual stimuli 25. They discovered that visual deprivation of one eye by lid suture (monocular
deprivation; MD) causes a shift favoring responses to stimulation of the open eye. Referred to as
ocular dominance plasticity (OD) 19, 25, 29, this shift was found to occur only during a temporary
developmental window when synapses are highly sensitive to disruptions of activity; upon
structural and physiological maturity, synapses become much less sensitive to such manipulation
1

. This period of heightened sensitivity to MD lasts between 4-5 week of age in cats 19, up to 4- 5

weeks in rodents 30, and during the first year of life in human 31. During the critical period, longterm changes in visual input, like MD, cause a shift in neural response, or a strengthening and
weakening of synapses of visual cortical neurons. To explain this adaption of cortical neurons, a
theory was proposed by Bienenstock, Cooper, and Munro (BCM) theory 32. They provide a
mathematic framework for how synapse strength is altered by the length and degree of activity
changes during the critical period.
In OD plasticity, visually depriving one eye with an eye-lid suture shifts the responses of
visual cortical neurons to the open eye and deprived eye responses eventually cease to respond 19,
29, 33

. Three distinct processes occur during OD shift toward deprived-eye; a rapid weakening of

the deprived-eye cortical responses via LTD, a strengthening of open eye responses via LTP, and
a delayed threshold shift from depression to potentiation after long-term deprivation, also known

3

as ‘modification threshold’ 35, 36. These data demonstrate a bidirectional threshold shift between
LTD and LTP 36. Importantly, the depression of cortical responses of the deprived-eye requires
weak sensory input (retinal activity) because ablation of retinal activity, eg. via intravitreal
injection of tetrodotoxin, is sufficient to prevent the depression of cortical response 19, 34, 37. OD
is rapidly shifted when MD occurs around 4 weeks old and is detectable within 1 day of darkness
34

. Also, a brief re-exposure to light can rapidly reverse these effects 35, 38, 39. This critical period

is observed in other species 40-42.
The shift in OD in visual cortex after MD is necessarily assessed at the functional level.
However, activity-dependent plasticity of the component structures has also been observed. For
example, MD of kittens during the critical period caused dramatic anatomical changes in the
visual system, such as reduced horizontal connections 43, decreased thalamic afferents to the
deprived eye 33, 44, and shrinkage of the geniculate neurons themselves 19, 25, 45. Dendritic spines
also become pruned on V1 pyramidal neurons of the deprived eye, while thalamic axons from
the open eye progressively expand 44, 46-48. These structural changes are absent and spines are
more stable during adulthood 49. Although the mechanisms underlying the loss of dendritic
spines associated with MD during the critical period are unknown, the changes have been linked
to the regulation of the extracellular matrix, perhaps by release of tissue-type plasminogen
activator (tPA), during the critical period but not in adulthood 46, 47. Long-term studies following
dendritic spines in vivo corroborate these findings, showing that spines extend and retract over
hours during early development, while the majority are stable for days/ months (~96%) in
adulthood 50-52, 53. However, whether and how LTD-like mechanisms trigger this plasticity
during critical periods is still unknown.
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Many cellular mechanisms have been reported to mediate this form of plasticity. For
example, experience-dependent molecular changes in NMDA subunit expression and subsequent
modification of NMDAR function are thought to regulate changes in synaptic strength 39, 54-56
and AMAPR trafficking 57-60. Moreover, synaptic scaling has been proposed as a mechanism of
activity-dependent synaptic changes 46, 47, 61, 62. The depression of synaptic strength in response
to deprivation has also been explained by enhanced intracortical inhibition and described as a
long-term potentiation of inhibition 63, 64. More recent studies have focused on molecular factors
such as calcium-regulating enzymes (eg. calcium/ calmodulin-dependent protein kinase II
(CaMKII)), molecular breaks (eg. the extracellular matrix (ECM) or prototoxins such as Lynx1
(Ly6/ neurotixin1)) and molecular triggers (eg. Otx2 or BDNF (orthodenticle homeobox 2
homeoprotein) (brain-derived neurotrophic factor)) 65-68. Much effort has been directed toward
understanding the mechanisms underlying this and other critical periods that have since been
identified in other brain regions and across species 69, 70.
Taken together, the onset, duration and closure of critical period plasticity are regulated
by numerous physiological and molecular factors throughout postnatal development. The focus
of this thesis is on the role of the extracellular matrix in regulating synaptic plasticity in the
hippocampus during early postnatal development. In principle, the characteristics of synaptic
plasticity observed in the visual critical period should resemble those of synapses in the
hippocampus 32, 71, 72. However, a critical period in the hippocampus has yet to be defined, as
synaptic plasticity, particularly LTP, in the hippocampus persists into adulthood. A few studies,
though, have implicated the hippocampus in modulating a sensitive window for fear learning in
early postnatal development 73-75.
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Hippocampal Plasticity during Development
The anatomical regions of the hippocampus are fully distinguishable by the first postnatal
week of life in rodent 76. While anatomy is not necessarily a readout of functional maturity, it can
still be a useful indicator 77. Early studies found that LTP at CA3-CA1 synapses emerges in the
second postnatal week in the rodent and in the third week in DG 78-80. Moreover, excitatory
neurotransmission in the hippocampus matures around P14 in the rodent 81, while inhibitory
transmission develops around P9 in CA1/ P5 in CA3, and matures by P14-18 82-85. More
recently, Yasuda and colleagues show CA1 LTP is indeed inducible in the neonatal rodent (<P9)
and report that the underlying mechanisms regulating immature versus mature plasticity are
distinct 86, 87. CAMKII is well-known to play a critical role in downstream signaling of LTP
induction at adult CA1 synapses. They show that immature LTP induction does not require
CaMKII (P7-9 hippocampal slices), but instead requires cyclic AMP-dependent protein kinase A
(PKA) 87, 88. Other explanations for the developmental changes in hippocampal plasticity have
been proposed 89, 90.
The development of mature LTP in CA1 has been linked to the unsilencing of silent
synapses during early postnatal development. Silent synapses are those that show NMDA
receptor (NMDAR) but no AMPA receptor (AMPAR) response. In rodent hippocampal CA1
neurons, the conversion of AMPA-silent synapses to AMPA-signaling synapses occurs around
P12 when there is a developmental decline in the number of AMPA-silent synapses 86, 91-93.
Several other mechanisms have been identified at this developmental switch: an increase in
multivesicular release at CA3-CA1 synapses, increase in AMPAR signaling (increase in open
probability/ single-channel conductance), and a change in the expression of AMPAR scaffolding
proteins eg. SAP-102 to PSD-95 94-96. Also, there is a shift in AMPAR and NMDAR subunit
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composition during the second and third postnatal weeks which reflects distinct LTP
mechanisms regulating plasticity during development 97.
AMPAR/ NMDAR subunit composition in development
The glutamatergic NMDAR is a heterotetramer made up of two obligatory NR1 subunits
and two variable NR2 subunits. NR2B composition switches from predominantly NR2B to
NR2A in the cortex during development. This switch is activity-dependent (delayed by sensory
deprivation experiments) and the timing appears to parallel critical periods of plasticity, eg.
NR2A is expressed between P3-10 in the somatosensory cortex and between P12-30 in the visual
cortex in rodent 98, 99. The subunit switch alters NMDA-mediated excitatory postsynaptic
currents (EPSC) kinetics. NMDARs that are dominant in NR2B subunit have a prolonged ESPC,
while NR2A-dominant have a truncated EPSC decay 99. The change in EPSC efficacy is
proposed to underlie critical periods of plasticity 38, 39, 54, 55 14; however, the timing of visual
critical period plasticity is surprisingly unaffected by the loss of NR2A subunit 30. Also, AMPAR
GluR1 subunit is critically involved in mature LTP 100, while GluR2/4 subunits seem critical to
early NMDAR and PKA-dependent LTP 101.
GABA transmission: excitatory to inhibitory
Lastly, the effects of inhibitory neurotransmission on synaptic activity notably switches
during early postnatal development. GABA (γ-aminobutyric acid) is typically thought of as the
primary inhibitory neurotransmitter in the adult brain that inhibits neuronal firing by either
hyperpolarizing the membrane potential or by shunting excitatory input. However, early in
development, GABA transmission is excitatory in that GABA signaling causes a large
depolarizing postsynaptic potentials/ increase in intracellular calcium, and can trigger action
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potentials 102. In the hippocampus, the developmental GABA switch from excitatory to inhibitory
occurs around between P7 and P13 in rodent 103, 104. The switch indicates a change in the
electrochemical gradient of chloride ions. In the adult brain, the reversal potential for GABA
currents is very negative but more depolarized in the developing brain due to a higher
intracellular chloride concentration at younger ages. This difference is attributed to a
developmental increase in the K+-coupled Cl- transporter, which increases the rate of Clextrusion and a shift of EGABA to a more negative potential 105, 106.
Taken together, many molecular and structural changes occur during critical windows in
the brain that influence the regulation and function of plasticity throughout development. It has
been hypothesized that early LTP may be important for the formation and refinement of synaptic
contacts (by stabilizing single release site connections) and mature LTP might reflect activitydependent functions within a network of connections.

A role for PNNs in limiting functional plasticity
The extracellular matrix (ECM) is emerging as a key player in regulating plasticity
throughout development in the central nervous system (CNS). Recent discoveries in the field
have led to an evolved theory called the ‘tetrapartite synapse’ that considers the pre and
postsynaptic cell, astrocytes and the ECM in synaptic signaling 107. Perineuronal nets (PNNs) are
a specialized form of the extracellular matrix localized around predominantly inhibitory neurons
in the CNS. In the hippocampus, the matrix predominantly localizes around GABAergic
interneurons, specifically those that are positive for parvalbumin (PV). However, we sought to
characterize an unstudied concentration of PNNs surrounding a dense population of excitatory
neurons in area CA2 108-112. PNNs first appear in early postnatal development, increase in
8

expression with age and are regulated by experience 1, 113, 114. The maturation of PNNs
interestingly tracks the closure of critical windows of synaptic plasticity and therefore were
hypothesized to play a role in dampening synaptic plasticity 115. Early studies discovered that
PNN maturation requires normal experience during postnatal development in several brain
regions including motor 116, visual 113, 117, 118 and somatosensory 114 systems. Furthermore, similar
experiments performed in the adult mouse appeared to have little effect on PNN expression 114.
These findings demonstrate that the formation of PNNs is dependent on neuronal activity in the
developing brain, but is resistant to similar manipulations in adulthood.
The composition of the extracellular space in the CNS differs from other tissues. NonCNS ECM contains fibrous proteins such as collagen/ elastic and adhesive glycoproteins such as
laminin/ fibronectin, whereas CNS ECM contains much less fibrous proteins and more
glycosaminoglycan sugars (GAGs) 119, 120. The specialized CNS ECM, PNNs were first
described in the 1890’s by both Camillo Golgi and Santiago Ramón y Cajal but it was not until
the advent of more advanced histology and biochemical assays in the 1980’s that their
composition was characterized 121. PNNs are composed of a complicated meshwork of molecular
components that are organized into a scaffold around the ‘backbone’ polysaccharide hyaluronan.
The majority of PNNs components are negatively charged proteoglycans known as chondroitin
sulfate proteoglycans (CSPGs), bound to core proteins and a non-sulfated GAGs, tenascin-R 122125

. It is believed that the PNN matrix is predominantly anchored to the cell membrane via

hyaluronan docking to the hyalaronan synthase (HAS) receptor 126, 127.
PNN components are typically synthesized by the cell they encompass. Briefly, the
transcripts for the PNN core protein are trafficked from the nucleus to the rough endoplasmic
reticulum where the protein is synthesized and transferred to the Golgi apparatus where the
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protein is glycosylated (process by which carbohydrate chains are attached to the protein) and/or
sulfated (process by which a sulfate group is added to the proteoglycan) 125. The molecules are
then packaged into secretary vesicles and transported to the cell surface where they are released
from the cytoplasm into the extracellular space. The synthesis of the CSPG can be stimulated by
transforming growth factor B (TGFβ), and inhibitors of TGFβ are sufficient to suppress
expression of several CSPGs 128, 129.
Mechanisms of PNNs regulating synaptic plasticity in development
The underlying mechanism(s) by which PNNs regulate plasticity are unclear. During
development, the ECM is more permissive. The ECM is predominantly composed of hyaluronan
during early development, which is a linear, non-branching GAG and thus allows for a soluble
and spacious extracellular environment for axonal migration and motility 126, 130-133. As the brain
matures, hyaluronan becomes bound to more complex GAGs and CSPGs such that the ECM
ultimately becomes insoluble and structural plasticity is restricted. PNN mechanisms have been
studied in both the context of structural and functional plasticity. After the early finding that
dark-rearing cats delayed the development of PNNs, many groups worked to characterize the
mechanisms behind experience-dependent maturation of PNNs in many other brains and across
species 117.
In 2002, Pizzorusso and colleagues demonstrated a direct association between PNNs in
the visual cortex and the closure of critical period plasticity 134. Moreover, several PNNcomponent knockout mouse models have implicated PNNs in regulating LTP and LTD at
excitatory glutamatergic synapses in the hippocampus 135-138. Synaptic plasticity is generally
thought to be induced by activity-dependent elevations in calcium in the postsynaptic cell, which
ultimately triggers calcium-dependent intracellular signaling cascades that are required for the
10

induction of synaptic plasticity. PNN components might play a role in elevating postsynaptic
calcium via several mechanisms, which are not mutually exclusive. PNNs may regulate AMPA
receptor lateral motility between extrasynaptic sites and the active zone of the postsynaptic
density. When PNNs are densely localized at the synapse, they may be acting as a physical
barrier preventing trafficking of the AMPAR to the active zone 139, 140. In another theory, CSPGs
carry a strong negative charge therefore PNNs may be acting as an ionic buffer of calcium or
other cations that are associated with the induction/ maintenance of plasticity 140-142. For
example, calcium diffusion is increased in rat hippocampal slices after degradation of PNNs with
the enzyme chondroitinase (ChABC) 142. Cell-surface integrin proteins have also been implicated
as a mechanism by which PNNs regulate plasticity 67, 143. β1 integrin signaling triggers NDMA
receptor phosphorylation in CA1 neurons and increases the amplitude of NMDA receptor
currents 144. Also, postnatal deletion of β1 protein impairs LTP in CA1 145. Evidence of a direct
interaction between a PNN component and cell surface integrins is lacking, however the PNNdegrading enzyme matrix metalloproteinase (MMP) directly binds and regulates several
integrins, which could be an alternative PNN-associated signaling mechanisms regulating
plasticity 146.
L-type voltage voltage-dependent calcium channels (LVDCC) have also been implicated
in ECM-mediated plasticity in the hippocampus. LVDCCs contribute to the influx of
postsynaptic calcium after high-frequency stimulations and thus support LTP induction 147.
LVDCC-dependent LTP cannot be induced in tenascin-C deficient mice in CA1 but can be
partially rescued by pharmacological potentiation of LVDCC’s 136. Blocking LVDCC activation
in a hippocampal culture system downregulates PNN expression 148. Furthermore, PNN
degradation in an acute hippocampal slice reduced LVDCC calcium currents and abolished the
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LVDCC-component of CA1 LTP. Exogenous bath perfusion of hyaluronan was able to rescue
LVDCC currents and LTP, strongly linking PNNs and LVDCC in regulating LTP 149. However,
evidence of a direct interaction between ECM molecules and LVDCCs is lacking and may
suggest that several ECM molecules may be acting in a signaling complex 150.
Finally, PNNs may limit plasticity by sequestering molecular factors that regulate
plasticity. For example, Otx2 homeoprotein co-localizes with PNN+ PV neurons throughout the
cortex, interacts with tenascin-R, and was found to trigger the onset of the visual critical period
151 152

. Infusion of Otx2 into the visual cortex during the critical period accelerated PNN

development and functional onset of the critical period, while Otx2 infusion in adulthood
degraded PNNs around PV neurons and reopened critical period plasticity 66, 152. PNNs also
sequester growth-promoting or chemorepulsive proteins. For example, the chemorepulsive
protein sema3a is strongly associated with PNNs in the adult rodent brain during postnatal
development and its signaling receptors (PlexinA1/4) localize to the cell membrane of PNN+
neurons 153. ChABC treatment in vivo abolishes sema3a staining. Moreover CSPG-4 interacts
with FGF-2 (fibroblast growth factor 2) and acts as a co-receptor to present FGF to its signaling
receptor, a receptor tyrosine kinase, which ultimately leads to cell migration/ proliferation
signaling 154. Interestingly, the only direct binding interactions between PNNs and a cell surface
receptors (not including hyaluronan and its enzyme HAS) is with the receptor protein tyrosine
phosphatase sigma (RPTP-sigma), which is a signaling inhibitor of neural regeneration 155.
Taken together, PNNs appear to act either directly or indirectly to signal multiple guidance cues,
such as chemorepulsion, and provides a likely mechanism by which PNNs restrict plasticity in
the adult brain.
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Disentangling the effects of PNN degradation in the brain
PNNs are endogenously degraded in the brain via extracellular proteolysis. This process
is thought to be critical for synaptic remodeling and plasticity 156. The known ECM-degrading
enzymes in the brain are MMPs (matrix metalloproteases), ADAMs (a disintegrin and
metalloproteinase), and tPA. MMP-9 is the most well-characterized protease and is heavily
implicated in activity-dependent structural and functional changes at the synapse. For example,
MMP-9 is increased in response to neuronal activity by both aberrant increases in activity or by
learning and memory tasks 157, 158. MMP-9 is also required for late-phase long-term potentiation
in CA1 159. A possible mechanism by which MMP-9 may be acting to regulate plasticity is
signaling through β1 integrin, as previously mentioned 160. Blocking β integrin signaling
inhibited MMP-9-induced LTP in CA1 161. Several PNN-degrading proteases are well known to
upregulate after brain insults, such as stroke or seizure, as well as in neurological disorders such
as Alzheimer’s 162-165. In reference to critical period plasticity, a recent study showed that light
reintroduction after dark exposure in adulthood increased MMP-9 and degraded PNNs in the
visual cortex 166. Because dark exposure in adults reactivates critical period plasticity, the loss of
PNNs may be a critical mechanism by which the adult brain shifts to a juvenile state 167.
One study compared the effects of ChABC degradation of PNNs versus a mouse
knockout of the PNN component tenascin-R. Both ChABC in vitro and tenascin-R KO was
sufficient to attenuate CA1 LTP 137. Interestingly, the authors also found that LTD in CA1 was
impaired by ChABC in acute hippocampal slices, but not in the tenascin-R KO. Conversely,
short-term plasticity was unaffected by ChABC but increased in the tenascin-R KO mouse. The
CA1 LTP deficit is also apparent in other PNN-component KO’s; for example, a brevican
knockout mouse showed impaired LTP but no impairment in excitatory or inhibitory synaptic
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transmission, as well as no learning and memory deficits 168. Lastly, LTP was minimally
impaired in a neurocan KO mouse, suggesting that neurocan either plays a more subtle role in
regulating plasticity or is redundant with other CSPGs 169.
Degradation of PNNs in vivo with ChABC in the mouse amygdala abolished LTP at
thalamo-amygdalar inputs in slice and impaired LTP of inhibitory neurons, which reflects loss of
plasticity at glutamatergic inputs onto feedforward interneurons 170. However, ChABC treatment
of mouse hippocampal cultures increased the excitability of hippocampal interneurons (note:
cultures were harvested at P1-3, developed diffuse PNNs by 5 days in vitro, and fully matured by
2 weeks) 148. Degradation of PNNs with ChABC in ex-vivo hippocampal slices increased sharp
wave ripple (SWR) (extracellular recordings of SWR frequency in CA1 SR) 171. SWRs reflect
excitatory events, typically initiated in CA3 and represents depolarization of CA1 dendrites 172.
They tend to occur during rest/ slow-wave sleep and appear to be important for learning and
memory consolidation. Because PV neurons are heavily implicated in modulating SWRs, the
authors suggest that loss of PNNs around PV neurons impairs glutamatergic transmission onto
PV neurons (in agreeance with the amygdala study 170), decreasing PV excitability, and
ultimately increasing hippocampal excitability due to the loss of inhibition onto CA1 neurons.
In 2002, Pizzorusso and colleagues demonstrated a direct association between PNNs in
the visual cortex and the closure of critical period plasticity. They found that degradation of
PNNs in vivo with the enzyme chondroitinase (ChABC) in the adult visual cortex ‘re-opens’ the
critical period and reinstatement of ocular dominance plasticity 134. Similarly, CSPG
development in the amygdala coincides with the developmental switch in fear memory
regulation and have been implicated in the maintenance of fear memory in adulthood. Fear
memory is more readily extinguished in young rats (P17) versus adult and it was recently found

14

that PNN degradation in the adult basolateral amygdala reopens a critical window for fear
learning such that fear memories are more readily erased 173 170. These data suggest that PNNs
may function to maintain erasure-resistant fear memories and loss of PNNs may render
memories more susceptible to erasure by extinction learning. Similarly, PNN removal in the
adult auditory cortex prevented consolidation of fear learning to tones 24-48 hours after
conditioning, but not 30 minutes after 174. Interestingly, they also found PNNs are increased 4
hours, but not 24-hours, after fear learning, overall suggesting that PNNs appear to be critical in
long-term, but not short-term, memory consolidation.
Lastly and most recently, degradation of PNNs in vivo in the visual cortex decreased
inhibitory activity and increased gamma during a visual stimulus (recording single unit and
population activity in awake, freely behaving animals) 175. MD in adult ChABC-treated mice
caused an immediate potentiation of gamma activity, which was not observed in control adults,
but was seen in juvenile mice after MD. This study provides compelling evidence that the loss of
PNNs reinstates a ‘juvenile’ plasticity environment. Performing similar experiments, this group
also found that PNNs are required for retrieval of visual fear memory in the secondary visual
cortex 176. Taken together, these studies reveal a convincing role of PNNs regulating
glutamatergic transmission, LTP and critical plasticity windows such as ocular dominance
plasticity and fear learning.
The focus of this thesis will be on the role of the specialized extracellular matrix,
perineuronal nets (PNNs), in regulating a window of plasticity in hippocampal area CA2 during
early development.
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Plasticity resistance in hippocampal area CA2
CA2 morphology and anatomy
Hippocampal area CA2 was first described in by Ramón y Cajal and Lorente de Nó as a
small region that was distinct in cytoarchitecture and connectivity 177, 178. The hippocampus
consists of several subregions, namely the Cornu Ammonis (CA) regions and the dentate gyrus
(DG). The CA regions, CA1, CA2, and CA3, are organized into a layer of pyramidal neurons
with apical and basal dendrites extending into the stratum radiatum (SR) or stratum oriens (SO),
respectively. The CA2 region is distinguishable from other hippocampal subregions by several
features such as morphology, molecular profile, and its resistance to plasticity and injury.
CA2 neurons are morphologically distinct in that their cell somas are typically larger than
CA1 neurons and their dendrites lack thorny excrescences (postsynaptic specializations
associated with mossy fibers and characteristic of CA3 pyramidal neurons) 178. Compared to the
homologous and organized morphology of CA1 neurons, CA2 cells are heterogeneous based cell
soma and dendritic anatomical analysis 179. CA2 neurons predominantly receive direct inputs
from CA3 Schaffer collaterals, entorhinal cortex layer II, and more recently discovered, inputs
from newborn DG granule neurons, extrahippocampal inputs from the supramammillary nucleus
(SuM) and the paraventricular nucleus (PVN) of the hypothalamus, among others 180, 181 182-184.
The absence of DG terminals has also been used as an anatomical identifier of CA2 neurons.
Initially, the CA2/3 border was thought sit at the ending of DG axons, however many studies,
across species, have since described DG inputs extending deep into CA1 178, 185, 186. Outside of
these distinct anatomical and circuit properties, CA2 neurons also exhibit unique cell signaling
pathways and respond distinctly several neuromodulators.
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CA2 neurons have a higher mean firing rate than CA1 and CA3187, 188 A chronic loss of
CA2 output leads to increased excitability in the recurrent CA3 network, which was found to
result in widespread hyperexcitability during exploration and high frequency CA2 discharges
during rest; overall implicating CA2 as a gateway for the spread of excitatory activity in the
hippocampus 189.
Plasticity (and the lack thereof) in CA2
Most research on synaptic plasticity has been focused predominantly on mossy fiber
synapses from DG to CA3 and on Schaeffer collateral synapses from CA3 to CA1 6, 190.
Researchers initially became intrigued by CA2 because, unlike neurons in other hippocampal
regions that are vulnerable to damage from seizure, ischemia or traumatic insult, CA2 neurons
are resistant to cell death from injury in human, as well as in rodent 191-195.
CA3 Schaffer collateral (SC) synapses on CA2 dendrites are highly resistant to the
induction of LTP such that high frequency stimulation or a pairing protocol (postsynaptic
depolarization during stimulation) surprisingly fails to induce plasticity in CA2 neurons as they
do in CA1 196. Although we have yet to fully understand the mechanisms behind this resistance
to plasticity, a number of CA2-specific genes and extracellular matrix components are implicated
in plasticity resistance 197. One or more of these mechanisms involve regulation of intracellular
calcium levels. For example, LTP can be induced in CA2 by elevating intracellular calcium,
either by blocking calcium extrusion in the postsynaptic cell using an inhibitor of the plasma
membrane calcium ATPase (PMCA) or by elevating extracellular calcium to 10mM (182).
Simons and colleagues also use calcium imaging to show that CA2 dendrites and spines have
smaller rises in free calcium in response to action potential and have a significantly faster rate of
calcium extrusion compared to neighboring CA1/3 neurons. These data, in, addition to the
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enrichment of several other calcium/calmodulin-associated proteins in CA2, such as PCP4
(purkinje cell protein 4), RGS14 (regulator of G-protein signaling 14), strongly suggests that
robust calcium handling properties play an important function in limiting plasticity in CA2.
RGS14 protein is also highly expressed in CA2 and is a suppressor of LTP. Mice lacking
RGS14 express LTP at CA2 SR synapses and exhibit enhanced spatial and object recognition
memory compared to wildtypes 198. Mechanistically, RGS14 is likely to act as a scaffolding
protein that negatively regulates ERK/MAPK activation and inhibits signal transduction by
driving G-protein α subunits into their inactive state 199. However, recent data showing that
RGS14 also binds several proteins linked to calcium signaling such as calmodulin and CaMKII,
suggest that RGS14 may also be important in regulating both calcium and ERK pathways 200.
RGS14 mRNA and protein are upregulated during postnatal development, with the protein first
being detectable in rodent CA2 at P7 and maximally expressed in adulthood 201. Although
RGS14 has been strongly implicated in both regulating CA2 plasticity, as well as mediating
several hippocampal-dependent learning tasks, RGS14 is just one of many apparently redundant
molecular brakes acting to restrict plasticity in CA2.
Plasticity modulators in CA2
CA2 plasticity is also regulated by several neuropeptides. Receptors for the social
neuropeptides vasopressin and oxytocin are enriched in CA2. These neuropeptides play a role in
modulating social behavior, aggression, and anxiety 202. Bath application of both agonists are
able to induce a significant excitatory potentiation at CA2 SR synapses in hippocampal slices,
but not at CA1 synapses 203. This form of vasopressin-induced potentiation is dependent on
NMDA receptors, calcium, and CaMKII. Vasopressin receptor 1b (Avpr1b- arginine vasopressin
receptor 1b) knockout mice show decreased social aggression but no anxiety-like behaviors 204.
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Although the Avpr1b-/- mouse is a global knockout, viral delivery of the Avpr1b receptor to
dorsal CA2 neurons was sufficient to restore aggressive behavior 203. Moreover, vasopressin is
endogenously released by neurons in PVN of the hypothalamus, a known direct CA2 input. A
recent study found that optogenetic excitation of PVN neurons enhanced social memory and was
subsequently blocked by an Avpr1b antagonist 205, strongly implicating CA2 in social memory
function. A second peptide hormone, Substance P, originating from SuM inputs, also induces a
similar NMDA-dependent potentiation in CA2 206. Though Substance P is considered to be an
important neuropeptide in nociceptive processes, SuM inputs to the hippocampus have also been
linked to stress 207.
Lastly, CA2 synapses are also potentiated by the psychostimulant drug, caffeine, and
other antagonists of the CA2-enriched receptor adenosine 1 (A1R) 208 209, 210. Unlike vasopressininduced potentiation, caffeine-induced potentiation is independent of NMDA receptors and
CaMKII, but is blocked by inhibitors of adenylyl cyclase or PKA (Fig. 1). This mechanism of
action was not surprising considering A1Rs are coupled to the Gi/o family of G proteins and,
when activated by its agonist adenosine, normally inhibit adenylyl cyclases. Potentiation of CA2
synapses by these neuromodulators implicate CA2 in multiple behaviors such as aggression and
social memory, however the link between restricted plasticity in CA2 and regulation of these
behaviors is still unclear.
Plasticity of Inhibition in CA2
Several inhibitory neuron cell-types are concentrated in CA2 relative to neighboring
subregions and several groups have reported strong inhibitory drive onto CA2 neurons 211-214.
Inhibitory neuron cell types, PV-, Reelin-, somatostatin-, and calbindin-positive are all more
densely localized in CA2 compared to neighboring hippocampus subregions 215. Blocking
19

feedforward inhibition onto CA2 increases excitatory responses of CA2 neurons, suggesting that
inhibitory input may be acting as a brake on CA2 cell firing to a larger degree than CA1 211.
Also, similar to CA1, inhibitory synapses onto CA2 pyramidal neurons in SR are highly plastic
in that they undergo LTD in response to high frequency stimulation, inhibitory LTD (iLTD) 212.
This disinhibition of CA2 synapses in response to high frequency stimulation is sufficient to
evoke action potential firing in CA2 212. Delta-opioid receptor (DOR) activation mediates this
iLTD at CA2 inhibitory synapses, specifically at PV synapses, presumably by presynaptic
reduction in neurotransmitter release 216. Similarly, another type of protocol, pairing activation of
entorhinal cortex (EC) and Schaffer collateral (SC) inputs on CA2 pyramidal neurons, also
results in a form of input-timing dependent plasticity (ITDP) that is a DOR-dependent iLTD 217.
This ITDP/iLTD is distinct from that in CA1, which is mediated by endocannabinoid receptors
on cholecystokinin-expressing interneurons 217, 218. Thus, because excitatory synapses in CA2 SR
are normally resistant to plasticity, the authors suggest that iLTD at CA2 SR may function as a
mechanism to gate CA2 excitatory output, essentially serving as a way of getting potentiation of
CA2 neuron function in the absence of LTP-like processes at excitatory synapses. Interestingly,
a postmortem study of schizophrenic individuals reveal that non-pyramidal neurons are 40%
lower in area CA2. This finding was replicated in a mouse model of 22q11.2 deletion syndrome,
where it was also found that CA2 pyramidal neurons have a reduction in feedforward inhibition
218, 219

Taken together, these data suggest that inhibitory drive on CA2 neurons is different from

neighboring subregions and may represent a powerful gating mechanism of CA2 neuron firing.
Function of CA2
The hippocampus is integral in many forms of learning and memory, such as episodic/
contextual memory, spatial/ temporal cognition and fear learning, among others. However,
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recent interest has focused on the function of area CA2. Several studies have recently implicated
CA2 in novelty detection 187, 198, 220, spatial memory 188, 221, 222, social recognition memory, and
aggression 187, 223, 224, 225. The social and aggression behaviors have been linked to the
localization of several social neuropeptide receptors in CA2, eg. oxytocin and vasopressin 203, 226,
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and the direct vasopressinergic projection from the PVN to CA2 183, 223. For example, mice

deficient in RGS14, a protein that is enriched in CA2 and functions to restrict synaptic plasticity,
also display enhanced novel object recognition memory and faster learning acquisition in the
Marris water maze 198. Moreover, mice deficient in the vasopressin receptor and oxytocin
receptor (both social neuropeptide receptors high in CA2) have deficits in social recognition
memory and aggression 227-229. Interestingly, re-expression of the vasopressin receptor in dorsal
CA2 neurons is sufficient to restore normal aggressive behavior 203. Recently, Smith and
colleauges found that optogenetic excitation of PVN neurons, a pathway known to directly
innervate CA2, enhanced social memory and the effect was blocked by a vosopressin 1b receptor
antagonist 205. Several studies directly manipulate CA2 neuronal activity in vivo and find that
silencing CA2 neurons impairs social recognition memory 224, 230, and similarly, excitotoxic
lesion of CA2 neurons also impaired social recognition memory 225. CA2 neurons also display
place fields (a location in space where a particular neuron will fire) however, unlike CA1, CA2
neuron ensembles become progressively dissimilar over time, or temporally remap 187, 188. The
weak spatial coding exhibited by CA2 relative to CA1/3 supports a preferential role for CA2 in
social, emotional, and temporal function, rather than spatial. Taken together, these data beg the
question as to what is the function of a critical period in CA2.
For the most part, hippocampal synaptic plasticity, particularly LTP, is maintained
throughout adulthood, and this may be one reason synaptic plasticity in the hippocampus is
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thought to underlie formation of several types of memory 231. However, evidence suggests that
some critical periods related to hippocampal function do exist. For example, adult rodents and
humans are generally unable to recall memories of their early childhood (referred to as infantile
amnesia), and the ability to maintain long-term declarative-like memory improves with age 232.
One specific form of hippocampal-dependent memory that is developmentally regulated is
contextual fear learning 73, 233-237. The age of functional onset of fear learning appears to be
around P21-P28 in rats, generally after plasticity has matured in CA1 73, 84. Although the exact
mechanisms regulating the window for fear learning is unknown, a leading explanation for
infantile amnesia pertains to hippocampal neurogenesis; the developmental decline in
hippocampal neurogenesis corresponds with the ability to form stable long-term memories
(humans, nonhuman primates, and rodents) 238-241. Another explanation might be the postnatal
development of molecular brakes on plasticity, eg. the development of PNNs in CA2, the focus
of this thesis. These studies are integral to our understanding of the mechanisms underlying fear
learning and how human childhood trauma has detrimental effects on adult mental health.
Ultimately, these studies may reveal critical therapeutic windows of intervention in the
hippocampus that could intervene in the widespread psychological effects of early life trauma.

Dissertation Aims
This thesis seeks to answer outstanding questions regarding the characterization and
activity-dependent regulation of perineuronal nets (PNNs) in hippocampal area CA2.

Chapter 1: CA2 PNNs are described using fluorescent and electron microscopy to
characterize composition and anatomical localization around the cell soma and synapses in
22

pyramidal and SR regions. The cellular origin of PNN synthesis in area CA2 is identified using
fluorescent in situ hybridization. PNN postnatal development is tracked and tested for
experience-dependent modulation using an environmental enrichment paradigm. Lastly, the
functional role of PNNs are tested using electrophysiological techniques in mouse hippocampal
slices where PNNs are degraded and CA2 intrinsic, synaptic and plasticity properties are
measured.

Chapter 2: I characterized the development and function of PNNs in a mouse model Rett
Syndrome, a PNN-associated neurodevelopmental disorder. Using a mouse knockout of MeCP2,
I quantified the premature development and aberrant increase of PNNs in CA2 compared to
control mice, and investigated the functional effects of premature PNN development on CA2
plasticity in slices from young animals. Finally, to study the cell-autonomous effects on PNN
development, I deleted to Rett gene, MeCP2 (methyl-CpG binding protein 2) from CA2
pyramidal neurons and quantified changes of PNNs in the hippocampus.

Chapter 3: Finally, PNNs have been strongly implicated in temporal lobe epilepsy (TLE).
Here I aimed to quantify PNN development in a mouse model of TLE. These Kv1.1 knockout
mice present with seizure activity starting at P21 and sustain recurrent spontaneous seizures into
adulthood. This mouse also allows for the study of aberrant activity during adolescence, a
developmental time point when PNNs are differently regulated by activity 242, 243. To better study
the effects of PNN regulation in vivo, I also describe the creation of a viral vector system
designed to conditionally target the degradation of PNNs in CA2 with the enzyme ChABC, with
the long-term goal of studying the function of CA2 PNNs in behavior.
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CHAPTER II - PERINEURONAL NETS SUPPRESS PLASTICITY AT EXCITATORY
SYNAPSES ON CA2 PYRAMIDAL NEURONS1
Overview
Long-term potentiation of excitatory synapses on pyramidal neurons in the stratum
radiatum rarely occurs in hippocampal area CA2. Here, we present evidence that perineuronal
nets (PNNs), a specialized extracellular matrix typically localized around inhibitory neurons,
also surround mouse CA2 pyramidal neurons and envelop their excitatory synapses. CA2
pyramidal neurons express mRNA transcripts for the major PNN component aggrecan,
identifying these neurons as a novel source for PNNs in the hippocampus. We also found that
disruption of PNNs allows synaptic potentiation of normally plasticity-resistant excitatory CA2
synapses; thus, PNNs play a role in restricting synaptic plasticity in area CA2. Finally, we found
that postnatal development of PNNs on CA2 pyramidal neurons is modified by early-life
enrichment, suggesting that the development of circuits containing CA2 excitatory synapses are
sensitive to manipulations of the rearing environment.

1

This chapter previously appeared as an article in the Journal of Neuroscience. The orginal citation is as follows:
Carstens, K.E., M.L. Phillips, and L. Pozzo-Miller, Perineuronal Nets Suppress Plasticity of Excitatory
Synapses on CA2 Pyramidal Neurons. 2016. 36(23): p. 6312-20.
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Introduction
Although components of the extracellular matrix (ECM) have been implicated in
promoting synaptic plasticity, perineuronal nets (PNNs), a specialized form of ECM typically
found around inhibitory neurons, are thought to inhibit plasticity 67. We previously identified
hippocampal area CA2 as a region where synaptic plasticity is limited, even relatively early in
postnatal development 196. Unlike PNNs in other brain regions, PNNs in area CA2 appear to be
near excitatory synapses of pyramidal neurons 108, 109, 244, leading us to wonder whether PNNs are
related to pyramidal neurons in some way.
PNNs first appear in the brain around postnatal day (PN) 14 in the mouse, and gradually
increase until they are fully expressed in adulthood, often tracking the end of critical windows of
synaptic plasticity 1, 2. Interestingly, the onset of PNN expression requires normal early
experience in several brain regions, including motor, visual, and somatosensory systems, and
similar manipulations performed in adulthood were without effect 113, 114, 116-118. Because PNN
deposition is experience-dependent and increases during postnatal development, these structures
have been hypothesized to function in dampening synaptic plasticity during the closure of critical
periods. For example, Pizzorusso et al. (2002) demonstrated an association between the presence
and absence of PNNs in the visual cortex and the closure and reopening of ocular dominance
plasticity, strongly supporting a role for PNNs in limiting experience-dependent plasticity 134.
Because PNNs associated with pyramidal (i.e., presumed excitatory) neurons are rare in cortical
structures
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, the role of this matrix in limiting plasticity is widely thought to be due to their

association with nonpyramidal (i.e., presumed inhibitory) neurons, specifically parvalbumin
(PV)-positive interneurons.
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The structural and physiological effects of removing PNNs enzymatically have been well
studied in inhibitory neurons. Degradation of PNNs around inhibitory neurons in culture (mainly
PV-positive interneurons) with the bacterial enzyme chondroitinase (ChABC) increases
interneuron excitability without affecting the number or distribution of perisomatic GABAergic
presynaptic terminals 148, suggesting that PNNs function to regulate inhibitory neuron activity.
Interestingly, manipulation of neuronal activity seems to modulate the development of PNNs
both in culture and in vivo. For example, blocking neuronal activity in culture decreases PNNs
around inhibitory neurons. Similarly, decreasing activity via dark rearing delays and attenuates
PNN development around inhibitory neurons in the visual cortex 134.
Hippocampal area CA2, positioned between areas CA3 and CA1, has recently been
appreciated as an important module of the hippocampus that is molecularly distinct from its
neighboring areas 197, 246. CA2 neurons receive excitatory synapses from the dentate gyrus,
entorhinal cortex, and area CA3, and it is these synapses from CA3 in CA2 stratum radiatum
(SR) that are highly resistant to plasticity 184, 196, 211. Although we have yet to fully understand the
mechanism(s) behind this resistance to synaptic plasticity, several genes highly expressed in area
CA2 are implicated in this lack of plasticity 198, 209, 247, 248. Based on these observations and
previous studies implicating PNNs in restricting plasticity, we investigated whether PNNs
around pyramidal neurons in area CA2 play a role in restricting synaptic plasticity of CA2
excitatory synapses and are modified by early-life experience.
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Materials and Methods
Animals
Animals in all experiments were housed under a 12:12 light/dark cycle with access to
food and water ad libitum. All procedures were approved by National Institute of Environmental
Health Sciences, University of Alabama at Birmingham, and University of North Carolina
Animal Care and Use Committees and were in accordance with the National Institutes of Health
guidelines for care and use of animals.
Immunohistochemistry
Mouse lines expressing enhanced green fluorescent protein (EGFP) were used to label
hippocampal CA2 pyramidal neurons (Gene Expression Nervous System Atlas, Amigo2-EGFP;
Tg(Amigo2-EGFP)LW244Gsat/Mmcd) and GABAergic interneurons (Riken BioResource
Center, Gad67-GFP; Cg-Gad1<tm1.1Tama>). Adult male mice were deeply anesthetized with
Fatal-Plus and perfused with cold PBS, followed by 4% paraformaldehyde in PBS, pH 7.4.
Brains were removed and postfixed overnight at 4°C and submerged in 30% sucrose. Fortymicrometer-thick sections were cut on a sliding microtome, blocked in 5% normal goat serum
and incubated in biotin-conjugated Wisteria floribunda agglutinin (WFA) lectin (1:1000; SigmaAldrich L1516) or antibodies anti-aggrecan (1:500; Millipore AB1031) or anti-neurocan (1:200;
R&D Systems AF5800) overnight at 4°C. Sections were washed three times in PBS and
incubated in secondary antibody at 1:500 for 40 min at room temperature: streptavidin Alexa568 (Invitrogen), goat anti-rabbit H+L A568 (Invitrogen), or goat anti-chicken H+L (Invitrogen).
Alternatively, the biotin-conjugated WFA lectin was amplified with the Vectastain Elite ABC kit
(Vector Laboratories PK-6100) and reacted with 3,3′-diaminobenzidine (DAB) substrate kit
(Vector Laboratories SK-4100). Sections were mounted with Vectashield antifade mounting
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medium with DAPI (Vector Laboratories). Images were acquired on a Zeiss laser scanning
confocal (LSM510 NLO) or a Zeiss light microscope using controlled camera settings.
Immunohistochemistry and confocal microscopy of excitatory synapses on dendritic spines
Adult male mice of the thy1-GFP line M (7–20 months; 249) were anesthetized with a
mixture of ketamine and xylazine, and perfused as described above. Thirty-micrometer-thick
coronal sections of the brain at the level of the dorsal hippocampus were made with a vibratome,
and immunohistochemistry was performed on free-floating sections at room temperature.
Sections were blocked and permeabilized by incubation in 10% goat serum albumin, 2% bovine
serum albumin, and 0.4% Triton-X in PBS for 1 h. Sections were incubated with biotin-WFA
(1:100) and primary antibodies diluted in 5% goat serum albumin, 2% bovine serum albumin,
and 0.1% Triton-X in PBS for approximately 48 hours. Primary antibodies used were guinea pig
anti-VGLUT1 (1:1000; EMD Millipore AB5905) and rabbit anti-GFP (1:2000; Abcam 290).
After washing three times for 5 min in PBS, sections were incubated for 4 h in Streptavidin-594
(1:1000; Life Technologies) and fluorescently labeled secondary antibodies (anti-rabbit Alexa488, 1:500; Jackson ImmunoResearch; anti-guinea pig Alexa-647, 1:500; Jackson
ImmunoResearch). Sections were washed three times for 5 min in PBS, incubated with DAPI
(300 nm) for 5 min, and washed with PBS for 5 min before mounting with Vectashield antifade
mounting media (Vector Laboratories). Sections were imaged in a laser-scanning confocal
microscope (Zeiss Spectral LSM510-META) equipped with a multiline argon laser (458, 477,
488, and 514 nm) and two HeNe lasers (543 and 633 nm) using an oil-immersion 100× objective
(1.4 numerical aperture). Image stacks through the z plane were acquired at 0.1 μm, and
displayed as maximum-intensity projections in ImageJ software (National Institutes of Health).
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Electron Microscopy
Adult mice (Charles River) were perfused with 4% paraformaldehyde (0.1 m phosphate
buffer, pH 7.2) and 0.1% glutaraldehyde for 10 min. Brains were postfixed at 4°C overnight and
50-μm-thick coronal sections were cut on a vibrating microtome. Sections were stained for PNNs
following a pre-embedding immunohistochemistry protocol and preincubated in 1% NaBH4, 3%
hydrogen peroxide, and 10% normal goat serum before overnight incubation in biotinylated
WFA 8 μg/ml (Sigma-Aldrich L1516). Staining was amplified with a Vectastain Elite ABC kit
(Vector Laboratories), developed with Ni-DAB and incubated in 1% osmium tetroxide, then in
1% uranyl acetate. Then sections were embedded in epoxy resin. Hippocampal pieces were cut
from heat-polymerized wafers, glued to a plastic block, cut at 60 nm with an ultramicrotome,
collected on copper grids, and stained with uranyl acetate and Sato's lead. Electron micrographs
were imaged on a Philips Tecnai microscope at 80 kV.
Electrophysiology
Mice (Charles River Laboratories), age PN 14–18 of either sex, were deeply anesthetized
with Fatal-Plus, decapitated, and their brains submerged into oxygenated ice-cold sucrosesubstituted artificial CSF (ACSF), pH 7.4, containing the following (in mm): 240 sucrose, 2.0
KCl, 1 MgCl2, 2 MgSO4, 1 CaCl2, 1.25 NaH2PO4, 26 NaHCO3 and 10 glucose. Coronal brain
slices were cut at 300 μm using a vibrating microtome (Leica VT 1000S) and allowed to recover
at room temperature in a submersion holding chamber with ACSF containing the following (in
mm): 124 NaCl, 2.5 KCl, 2 MgCl2, 2 CaCl2, 1.25 NaH2PO4, 26 NaHCO3, and 17 d-glucose
bubbled with 95% O2 with 5% CO2. Slices from one hemisphere were incubated in ACSF and
slices from the other in ACSF with 0.05 U/ml chondroitinase ABC (ChABC; Sigma-Aldrich
C3667) for ≥2 h until they were transferred to a recording chamber and continuously bathed (at 2
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ml/min) in normal ACSF at room temperature (137). Effectiveness of the chondroitinase treatment
was confirmed by staining Amigo2-EGFP slices with WFA as above, except that the 300-μmthick slices were cleared using 60% thiodiethanol in PBS before imaging (250).
Whole-cell recordings were made from pyramidal neurons in either the CA2 or CA1
regions. CA2 neurons in the pyramidal layer were initially identified using Amigo2-EGFP mice.
Glass borosilicate pipettes were filled with a potassium gluconate internal solution containing the
following (in mm): 120 K-gluconate, 10 KCl, 3 MgCl2, 0.5 EGTA, 40 HEPES, 2 Na2-ATP, 0.3
Na-GTP, pH 7.2. The pipettes had a tip resistance between 2.5 and 4 MΩ. Baseline synaptic
responses were collected for ≥5 min. For long-term potentiation (LTP) experiments, a pairing
protocol was used. This protocol consisted of 1.5 min of 3 Hz presynaptic stimulation (270
pulses) paired with postsynaptic depolarization to 0 mV in voltage-clamp mode. Data were
collected using Clampex 10.4 and analyzed using Clampfit software (Molecular Devices). Series
and input resistances were monitored by measuring the response to a 10 mV step at each sweep
and cells were included for analysis if <25% change in series and input resistance was detected.
Recordings were not compensated for series resistance.
To determine action potential threshold, whole-cell recordings were performed in
current-clamp mode. Current pulses of 180 ms in 0.2 nA steps were delivered and the membrane
potential at which the cells first fired action potentials was measured. To assess excitatory
transmission, whole-cell recordings were performed in voltage-clamp mode, and EPSCs were
isolated using the GABAA receptor antagonist bicuculline (10 μm) in the bath solution. EPSC
amplitudes were measured at increasing stimulation intensities. Paired-pulse facilitation was
assessed under similar conditions.
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To measure the NMDA receptor (NMDAR)-mediated component of the EPSC, a cesium
internal solution was used to block sodium-dependent action potentials, and 5
tetraethylammonium chloride was used for whole-cell recordings conducted in the presence of
glycine (5 μm) and bicuculline (10 μm). The cesium internal solution contained the following (in
mm): 102 CsOH, 102 d-gluconate, 3.7 NaCl, 10 BAPTA, 0.2 EGTA, 20 HEPES, 4 Mg-ATP, 0.3
Na-GTP, 5 lidocaine N-ethyl bromide (QX314). EPSCs were measured at −70 and +40 mV
holding potentials. The AMPA receptor (AMPAR)-mediated component of the EPSC was
measured 2 ms after stimulation at +40 mV (P1), while the NMDAR-component was measured
50 ms after the same stimulation (P2; 251). The AMPAR/NMDAR ratio was calculated either as a
ratio of the P1/P2 responses at +40 mV or as a ratio of P1 at −70 divided by P2 at +40 mV.

Environmental Enrichment (EE)
One dam (Amigo2-EGFP line) and its litter were singly housed in either standard caging
(32 × 21 × 19 cm) or environmental enrichment (EE) caging (50 × 30 × 30 cm). Standard caging
included cotton squares (Enviro-Dri, Shepherd's Specialty Papers) for nesting. EE caging
consisted of toys of varying shapes and sizes, such as plastic houses and wooden blocks; extra
bedding material, such as cotton squares; sunflower seeds, and fruit/bacon-flavored rodent treats
for various forms of sensory stimulation. Objects were repositioned/replaced and treats were
replenished every other day. Brains were harvested as described above from male mice at ages
PN 14, PN 21, and PN 45 and analyzed for staining of WFA during the 12 h light cycle. WFA
staining intensity was quantified using measures of pixel luminescence value on ImageJ software
(National Institutes of Health) using a region of interest (ROI) contoured around either CA2
pyramidal neurons in stratum pyramidale (SP) or CA2 apical dendrites using GFP fluorescence
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in a dorsal hippocampal section. The mean gray value measure of the image background was
subtracted from the mean gray value of the CA2 ROI. Each data point represents one mouse.
This study was repeated in a separate cohort of animals and the data combined by normalizing
each mean gray value–the value for the PN 45 enriched cohort–for each study. For each
experiment, fluorescence quantification was repeated and analyzed with the experimenter
blinded to condition. The sample number of mice (N) was 4, 5, 6, 7, 8, and 9 for the following
groups, respectively: PN 14 standard, PN 14 enriched, PN 45 standard, PN 21 enriched, PN 21
standard, and PN 45 enriched.
In situ hybridization
Adult mouse brains were flash frozen and coronal 20-μm-thick sections were cut on a
cryostat and mounted on SuperFrost Plus slides (Fisher Scientific 12-550-15). Sections were
fixed in 4% paraformaldehyde for 1 h at 4°C, dehydrated in 50, 70, and 100% ethanol, and airdried at room temperature. Fluorescent RNAscope in situ hybridization (ISH) was performed
using an RNAscope Fresh Frozen Multiplex Fluorescent kit according to the manufacturer's
protocol to perform target probe hybridization and signal amplification (Advanced Cell
Diagnostics). Probes were purchased from Advanced Cell Diagnostics: aggrecan mRNA, mmacan-C1 (catalog #300031-C1) and the CA2-marker Purkinje cell protein 4 (PCP4) mRNA, MmPcp4-C2 (catalog #402311-C2). Fluorescent images were captured on a Zeiss laser-scanning
confocal microscope (LSM710).
Statistics
Data in Figures 3 and 4 are expressed as a mean ± SEM. Data in Figure 3 are expressed
as a normalized mean ± SEM (the enrichment study was repeated once and data were pooled to
increase statistical power). Statistical analyses were performed using GraphPad Prism 6.05
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software, and significance was calculated using an α level of 0.05. The Kolmogorov–Smirnov
test was used to test normality and variance.

Results
PNNs localize to excitatory synapses on CA2 pyramidal neurons
To confirm our initial impression that PNNs indeed surround CA2 pyramidal neurons and
their dendrites, we used tissue from mice expressing EGFP under the promoter of Amigo2, a
gene highly expressed in area CA2 252. Three different PNN markers, WFA, the chondroitin
sulfate proteoglycans aggrecan and neurocan, labeled select inhibitory interneurons throughout
the hippocampus (Fig.1a), but also intensely labeled EGFP-expressing CA2 pyramidal neurons
(Fig. 1b). The origin of PNN matrix components in area CA2 is unknown, so we used
fluorescence ISH to determine whether these pyramidal neurons express transcripts for the major
PNN component aggrecan. We found that CA2 neurons identified by Purkinje cell protein 4
(PCP4) expression, but not CA1 and CA3 neurons, expressed aggrecan mRNA (Fig. 1c).
Localization of aggrecan mRNA in the pyramidal cell layer of area CA2 indicates that CA2
pyramidal neurons synthesize at least one major component of the PNN matrix, identifying such
neurons as a novel source of PNNs in the hippocampus.
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Figure 1
Figure 1: PNN markers surround CA2 pyramidal neurons and dendrites. a, Fluorescent labeling
of WFA (green) localizes with CA2 pyramidal neurons and with GAD67-positive inhibitory
neurons (red) in hippocampus. b, Anti-aggrecan (top), WFA (middle), and neurocan (bottom),
indicated in green, label EGFP-expressing CA2 pyramidal neurons and their proximal neurites in
red (scale bar, 50 μm). c, Fluorescent ISHs showing that aggrecan mRNA (green) and a CA2
marker, Pcp4 mRNA (red), colocalize to the CA2 pyramidal cell layer. Yellow shows the
overlapping distribution of these two mRNAs.
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WFA also diffusely labeled the CA2 SR and stratum oriens (Fig. 2a) near the dendritic
spines of excitatory synapses (as defined by label for VGlut1; Fig. 2b). To more precisely
characterize this diffuse labeling in the CA2 SR, we turned to electron microscopy. We found
that electron-dense staining for PNNs appeared around the somata of CA2 pyramidal cells and
numerous dendritic spines in the CA2 SR, especially around spine necks and in perisynaptic
regions (Fig. 2c). In contrast, staining for PNNs in the neighboring CA1 SP and SR layers was
sparse (Fig. 2c).
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Figure 2
Figure 2: PNN markers are associated with excitatory synapses in area CA2. a, WFA
immunoperoxidase staining in area CA2 labels CA2 dendrites in the SR in addition to cell bodies
in the SP. b, WFA label surrounds excitatory synapses on primary apical dendrites of area CA2
SR; green is GFP expressed in neurons in tissue from a thy1-GFP-M mouse, red is WFA, purple
is VGLUT1, and yellow shows where two channels depicted in each panel have overlapped
(scale bar, 1 μm). c, Electron micrographs showing WFA staining along dendritic spines of CA2
pyramidal neurons in the SR (top, red arrowheads), and area CA2 somata in the SP (bottom), and
sparse labeling of WFA in area CA1 SP and SR (bottom; scale bar, 2 μm).
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PNN development is regulated by experience
Consistent with previous work in other brain regions, including area CA1 242, 253, we
found that PNN staining in CA2 SP and SR increased with age during early postnatal
development (Fig. 3a), beginning with minimal WFA fluorescence at PN 14, and increasing in
intensity with age. Early-life sensory deprivation has been demonstrated to delay and attenuate
PNN development in several brain regions 114, 118, 134. Moreover, in the visual cortex, early-life
enrichment has been found to counter effects of dark rearing on PNN development, as well as
promote cortical maturation and accelerate the closure of the critical period for plasticity 254, 255.
To investigate whether PNNs are similarly modulated by early-life experience in area CA2, we
reared mice in EE conditions. We found that WFA staining intensity in the CA2 SP was
significantly greater in EE-exposed animals than those reared in standard housing at PN 21 and
PN 45 (p = 0.047 and p = 0.001 respectively; two-way ANOVA, Bonferroni's post hoc test for
pairwise comparison), but not at PN 14, the earliest age tested (Fig. 3b; p > 0.05). WFA staining
intensity was similarly significantly greater in the CA2 SR at PN 21 and PN 45 (p = 0.015 and p
= 0.001 respectively; two-way ANOVA, Bonferroni's post hoc test for pairwise comparison; Fig.
3c).
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Figure 3
Figure 3: PNNs increase during postnatal development and are increased with experience. a,
WFA staining in area CA2 is increased in animals reared in an enriched environment, compared
with animals raised in standard (control) cages. Note that the images have been digitally
lightened in all panels equally to better display PNNs at PN 14 in area CA2. b, Normalized WFA
fluorescence intensity was significantly greater in CA2 SP of EE mice compared with control at
PN 21 (N = 8 and 7 for control and EE respectively) and PN 45 (N = 6 and 9 for control and EE
respectively; Bonferroni's post hoc test for pairwise comparison after two-way ANOVA,*p <
0.05, ***p = 0.0008). No significant difference was observed at PN 14 (N = 4 and 5 for control
and EE respectively). A two-way ANOVA for the two conditions at different ages indicated
significant main effects of age (F(2,33) = 32.33), condition (F(2,33) = 11.72), and interaction (F(2,33)
= 3.338). Indicated is the mean ± SEM. c, Normalized WFA fluorescence intensity was similarly
significantly greater in area CA2 SR at PN 21 and 45 (same N's as reported in b; Bonferroni post
hoc test for pairwise comparison after two-way ANOVA,*p < 0.05, ***p = 0.0009). A two-way
ANOVA for the two conditions at different ages indicated significant main effects of age (F(2,33)
= 69.55), condition (F(1,33) = 11.93), and interaction (F(2,33) = 3.940).
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PNNs suppress synaptic plasticity in area CA2
Excitatory synapses in the CA2 SR fail to express typical LTP 196. To determine whether
PNNs act to restrict this type of plasticity in area CA2, we degraded PNNs with the enzyme
ChABC in acute hippocampal slices and attempted to induce LTP at CA2 Schaffer collateral
synapses. Similar to what has been reported for area CA1 137, we found that PNNs are indeed
degraded in area CA2 after a 2 h incubation of slices in ChABC (0.05 μl/ml; Fig. 4a). As
reported previously for untreated slices, synaptic responses recorded from CA2 neurons were not
potentiated following an LTP “pairing protocol” (92.0 ± 0.1% baseline, n = 10), whereas
synaptic responses recorded from CA1 neurons showed typical LTP (140 ± 0.1% baseline, n =
12; Fig. 4b;196). However, a 2 h incubation with ChABC enabled LTP induction of excitatory
synaptic responses in the CA2 SR (140 ± 0.2% baseline, n = 10), reaching levels comparable to
that induced at CA1 synapses (p = 0.02, two-tailed unpaired t test compared with untreated
slices). Similar results were obtained when experiments on ChABC-treated or control-treated
slices were performed in the presence of the GABAA-receptor blocker bicuculline (significant
difference between ChABC-treated and untreated slices, p = 0.022 at 10 min, two-tailed unpaired
t test compared with untreated slices, n = 8 and 4 respectively). Intrinsic properties did not
change in a way that could explain this newly uncovered plasticity in area CA2 (p > 0.05, twoway ANOVA, Bonferroni's post hoc test for pairwise comparison; Fig. 4c; Tables 1, 2).
Furthermore, in the presence of bicuculline, we found no significant differences in basal
excitatory synaptic transmission (Fig. 4d), paired-pulse facilitation (Fig. 4e), or
AMPAR/NMDAR ratio (Fig. 4f). These findings are consistent with a previous report showing
that ChABC treatment had no effect on basal synaptic transmission and paired-pulse facilitation
in area CA1. However, in contrast to our work in area CA2, PNN degradation resulted in an

42

attenuation of LTP in area CA1 137. These findings indicate that PNNs, or another
chondroitinase-sensitive component of the ECM, restrict plasticity at the normally plasticityresistant synapses in CA2 SR.
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Figure 4
Figure 4: Disruption of PNNs allows for potentiation of EPSCs in CA2 neurons. a, PNNs are
degraded in 300-μm-thick hippocampal slices cleared with thiodiethanol after a 2 h incubation
with ChABC compared with control; fluorescent labeling of PNNs with WFA (green) and CA2
neurons with the Amigo2-EGFP mouse (red). Slices shown are from animals at PN 14. b,
Plasticity of EPSC amplitudes is enhanced in CA2 neurons treated with the PNN-degrading
enzyme ChABC, compared with untreated controls. After baseline, an LTP pairing protocol (270
pulses at 3 Hz paired with postsynaptic depolarization; at time 0), resulted in potentiation of
EPSCs in CA2 neurons treated with 0.05 U/ml ChABC (mean over 22–28 min, n = 10), but not
in untreated CA2 controls (n = 10). One-way ANOVA, Bonferroni's post hoc test for pairwise
comparison, *p < 0.05. Indicated is the mean ± SEM. LTP induced in CA1 neurons is shown for
comparison. Insets are representative traces of EPSCs from CA2 control and CA2 ChABCtreated neurons before and 20 min after the LTP pairing protocol. c, ChABC treatment did not
significantly alter action potential firing frequency in response to indicated current injection (n =
15 per group; two-way ANOVA, p > 0.05). Example traces show action potential firing of
control (untreated) CA2 neuron (40 pA current steps from −100 to 180 pA displayed). d, e,
ChABC did not significantly alter excitatory current amplitude (n = 6 per group) or paired-pulse
ratio in CA2 neurons (S1, peak of first stimulus response; S2, peak of second stimulus response;
n = 10 ChABC-treated neurons and n = 5 control; two-way ANOVA, Bonferroni's post hoc test).
f, ChABC did not significantly alter AMPAR/NMDAR ratio measured at +40 mV (left) or at
−70 mV (n = 6 ChABC-treated neurons and n = 8 controls; two-tailed unpaired t test).
Measurements in d–f were made in the presence of a GABAA antagonist bicuculline; see
Materials and Methods for details. Insets are representative traces of EPSCs from CA2 control
holding at −70 and +40 mV.
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Table 1
Intrinsic properties of CA2 pyramidal neurons in response to PNN degradation. CA2 neuron
input resistance (Ri) is significantly decreased after 0.05 U/mL ChABC treatment (n=11 per
group, *P<0.0043, two-tailed unpaired t-test). Significant effects were not detected in other
properties, including resting membrane potential, membrane capacitance, and decay time.
Indicated are the means ± SEM.

Table 1. Intrinsic properties of CA2 pyramidal neurons in response to PNN degradation.
Intrinsic Properties
RMP (mV)

Cm (pF)

Ri (Mohm)

Tau (ms)

CA2 Control

-63.75 (1.048)

143.1 (9.700)

303.5 (9.989)

1.796 (0.08762)

CA2 ChABC

-66.17 (0.8298)

160.9 (7.917)

*259.0 (10.5)

1.856 (0.06349)

Table 2
Properties of action potentials in CA2 pyramidal neurons, including threshold, peak amplitude,
and decay and rise times (tau), were unchanged after ChABC treatment (n = 12 per group, p >
0.05, two-tailed unpaired t test). Indicated are the means ± SEM.

Table 2: CA2 action potential firing properties in response to PNN degradation.
Action Potential
Threshold (mV)

Peak Amplitude
(mV)

Decay Tau
(ms)

Rise Tau (ms)

CA2 Control

-47.98 (1.014)

90.48 (2.707)

22.23 (1.518)

264.3 (16.88)

CA2 ChABC

-47.87 (0.7022)

98.9 (3.9564)

20.11 (1.262)

241.0 (19.61)
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Discussion
PNN degradation can re-open critical windows of plasticity in a number of brain regions,
but the mechanism of plasticity suppression by PNNs is unclear 134, 170, 256. Because PNNs are
predominantly associated with inhibitory neurons in the neocortex, it has been suggested that
plasticity is altered by a disruption of inhibitory transmission 67. However, the lack of LTP in
area CA2 is unlikely to be due to a disruption of inhibitory transmission, as blockade of
GABAergic synaptic transmission is insufficient to restore LTP in area CA2 at excitatory
synapses 196, 216 and was not required for the enabling of LTP reported here. In fact, we present
evidence that PNNs play a distinct role in suppressing synaptic potentiation at a population of
excitatory synapses on pyramidal neurons, perhaps in addition to any roles PNNs may have
related to their expression on inhibitory interneurons. Our findings that PNN degradation enables
LTP in area CA2 are in contrast with the observation that PNN degradation modestly disrupts
LTP in area CA1 137.
PNNs surrounding CA2 neurons are unlikely to be the only factor contributing to the
plasticity resistance in this region. CA2 neurons express high levels of the protein regulator of Gprotein signaling 14 (RGS 14), which has been implicated in the signaling pathway suppressing
LTP in area CA2 198. In addition, rodent CA2 neurons have a particularly robust capacity for
calcium buffering and extrusion. Raising external calcium levels to 4 mm is insufficient to
induce LTP in area CA2, but the very high concentration of 10 mm allows for the induction of
LTP, indicating that CA2 synapses have the cellular machinery for LTP, but that calcium is
limited in the postsynaptic neurons 209. Interestingly, both vasopressin and oxytocin, acting
through AVPR1b and Oxtr receptors respectively, reinstate ability to induce calcium-dependent

47

LTP in CA2 203. Both receptors are known to be coupled to the ‘Gq’ type G-proteins and
therefore can take part in regulating calcium levels in CA2 spines.
PNNs might act through a number of possible plasticity-limiting mechanisms; for
example, they may provide a physical barrier for new synaptic contacts, restrict surface receptor
mobility, or buffer ions surrounding fast-firing neurons 140, 257-260. PNN proteoglycans are highly
negatively charged and may function to buffer and restrict diffusion of cations like calcium 3.
Taken together, it might not be coincidental that cation binding to PNNs was found to be
saturated at 10 mM 141, a concentration of extracellular calcium that is able to restore plasticity in
CA2 neurons 209 Alternatively, PNNs may serve to stabilize the postsynaptic density and limit
AMPAR insertion into the synapse 140. PNNs have also been linked to neuroprotective functions
258, 261

, and neurons in area CA2 have long been noted as being remarkably resistant to cell death

from both seizure and ischemic insult 194. The role of PNNs in neuroprotection, however, has
been less well defined. Therefore, if PNNs act to limit calcium accumulation in CA2 neurons, we
would predict that their disruption would lead to damage susceptibility in area CA2 similar to
that in areas CA1 and CA3.
We have also identified CA2 pyramidal neurons as a novel source for a major component
of PNNs in the hippocampus, suggesting that these excitatory neurons have the capacity to
modulate PNN composition throughout development. We show here that PNNs in area CA2 are
upregulated by early-life exposure to EE. Interestingly, other studies have reported a decrease in
PNNs after exposure to enrichment in adulthood in several brain regions, suggesting that PNNs
may be differentially regulated depending on the age that the animal is exposed to enrichment.
For example, amblyopic rats exposed to EE in adulthood had reduced PNNs in the visual
cortex262; likewise, adult mice exposed to enrichment had reduced PNN density around
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cerebellar neurons 263. In contrast, early postnatal enrichment was found to rescue PNN
development in dark-reared animals and promote critical period maturation 254, similar to the
findings in this study. Further investigation into intrinsic factors that modulate PNNs, such as
direct manipulation of CA2 activity, or early-life seizure at different developmental stages
should provide critical insight into how PNNs in area CA2 may be differentially regulated
throughout development 242.
Considering that the development of PNNs in hippocampal area CA2 pyramidal neurons
parallels the expression timeline of PNNs located in brain regions noted for their critical periods
for plasticity, our data raise the intriguing possibility of an early critical period for synaptic
plasticity in area CA2. Although the behavioral functions of area CA2 are only beginning to
emerge, recent reports implicate area CA2 in social aggression and social recognition memory
203, 223, 224

. Developmental regulation of PNNs in area CA2 may therefore represent a therapeutic

target for PNN-associated developmental disorders, such as schizophrenia and Rett syndrome 264,
265

.

49

CHAPTER III– PERINEURONAL NETS PREMATURELY RESTRICT PLASTICITY
IN HIPPOCAMPAL AREA CA2 IN A RETT SYNDROME MOUSE MODEL
Introduction
Rett syndrome is a neurodevelopmental disorder caused by a loss-of-function mutation in
the gene methyl-CpG-binding protein 2 (MeCP2) 266-268. Mecp2 is located on the X chromosome
and affects about 1 in 10,000 to 23,000 young girls worldwide 269 270. A defining feature of Rett
symptomology is the apparent normal development for the first year of life, followed by a rapid,
profound regression in cognitive function. Rett children progressively lose their motor and
language abilities, develop stereotypic hand movements, suffer from autonomic dysfunction, and
7 out of 10 eventually develop seizures 268, 271-275. MeCP2 protein functions as a transcriptional
activator/ repressor, regulates synaptic plasticity and can regulate gene expression posttranslationally (via micro-RNAs) 276-278. The many cellular functions of MeCP2 is correlated
with its various binding partners and downstream targets 279. MeCP2 is first expressed during
embryonic development and increases in expression during postnatal development 280, 281. Early
studies of postmortem brain tissue from Rett patients reveal reduction in dendritic spine number
and presynaptic markers; rodent studies reveal deficits in adult neurogenesis and synaptic
plasticity 270, 282-284. Although symptoms develop approximately one year into postnatal life,
abnormalities in brain development were discovered earlier (embryonic/ early postnatal stages
prior to the presentation of symptoms) 285-292. Much effort in the field has been put towards
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understanding the initiation and progression of the disease, and how a Mecp2 mutation may
disrupt critical early learning and memory function.
The specialized extracellular matrix, perineuronal nets (PNNs), are altered in several
psychiatric and neurological disorders, such as Rett syndrome 265, 293 294. PNNs are activitydependent and first appear in the brain during postnatal development and gradually increase until
they are fully expressed in adulthood 118, 295-297. Staining for PNNs was described as being
overexpressed in postmortem brain tissue of Rett individuals in motor cortices, but decreased in
number in frontal and temporal cortices 265. PNNs associated with inhibitory neurons are
elevated in auditory and visual cortices in the mouse models of Rett, consistent with human Rett
pathology 298, 299. Because PNNs function to limit plasticity during critical windows of
development, a recent study looked at the effect of degrading PNNs in the auditory cortex of
Mecp2-/x mothers, and found improvements in maternal care (pup gathering behavior) 298. PNNs
however have yet to be described in the hippocampus of either Rett postmortem tissue or mouse
models or in association with a population of excitatory pyramidal neurons.
Several transgenic knockout mouse models of Rett have been generated that mimic
human Rett symptomology, exhibiting both neurological and behavioral impairments 283, 300. The
MeCP2-null mouse model has been integral in identifying various molecular mechanisms behind
both structural and plasticity deficits 300, 301. These mice exhibit decreased spine number and
impairments in excitatory/ inhibitory transmission, neurogenesis, and axonal fiber
disorganization 286, 302-304. The majority of MeCP2-null studies use Mecp2-/Y males because they
exhibit more severe behavioral phenotypes and pathology than females, although Mecp2-/x
females eventually exhibit similar deficits 283. Mecp2-/Y males develop severe neurological
symptoms around six weeks of age and Mecp2-/x females display behavioral symptoms after
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several months. The delay in developing neurological deficit in the mouse model nicely mimics
the apparent normal early development that is characteristic of Rett. Overall, both human and
rodent studies observe the majority of Rett pathology after infancy ( >5 weeks in the rodent),
however we and others describe pathology in early neonates 287, 290, 305.
Disruptions in synaptic plasticity in the mouse MeCP2-null hippocampus is a leading
candidate underlying the hippocampal-dependent learning deficits in Rett syndrome. In the
Mecp2-/Y hippocampus, synaptic plasticity is impaired at CA1 Schaffer collateral (SC) synapses
in an age-dependent manner 286. Electrophysiological measurements synaptic plasticity, longterm potentiation (LTP) and long-term depression (LTD), at Rett CA1 SC synapses in acute
hippocampal slices reveal reduced LTP and LTD. In field recordings, basal synaptic
transmission, as assessed with stimulus-response curves, is unchanged between symptomatic
mice (18-22 weeks of age) and pre-symptomatic mice (3-5 weeks old); however, more recent
studies find deficits in both inhibitory and excitatory transmission (more later) 286, 306, 307.
MeCP2-null mice display significant learning and memory deficits in tasks such as hippocampaldependent spatial memory, contextual fear conditioning, and long-term social memory 300, 308, 309
286

. Furthermore, homeostatic synaptic scaling also appears to be disrupted in the Rett

hippocampus 310 72. Several molecular mechanisms have been proposed to explain these deficits
in activity-dependent plasticity.
The plasticity impairment in Rett hippocampus has been linked altered NMDA receptor
(NMDAR) subunit composition, which may underlie the profound effects on NMDARdependent forms of synaptic plasticity. NR2A levels were significantly decreased and NR2B
levels were increased in symptomatic mice; NR1 was unaffected 286. During development, NR2A
subunit gradually replaces the NR2B subunit at the postsynaptic cell in an activity-dependent
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manner and NR2A functions to drive ‘mature’ NMDAR currents 311-313. Alternatively, or in
addition, MeCP2 was initially thought to act as a transcriptional repressor of BDNF, a key
molecule in brain development and plasticity 314, 315. Loss of MeCP2 increased BDNF protein
levels in the hippocampus (primary cultures) 314, 316; however, others have reported a decrease of
BDNF in MeCP2 mutant brain lysates 317, 318. MeCP2 is now thought to also act as an activator
of Bdnf transcription through binding to the promoter region of Bdnf. Upon neuronal
depolarization, MeCP2 would be released, allowing Bdnf transcription and subsequent activitydependent gene regulation 318, 319 314. Interestingly, overexpression of BDNF rescues locomotor
and electrophysiology deficits (in cortex) and extended lifespan of MeCP2-null mice 317.
Electrophysiological studies of the Rett mouse models reveal a critical role for MeCP2 in
maintaining synaptic excitatory and inhibitory transmission in cortical regions 320. Both enhanced
inhibition and reduced excitation have been observed in the Rett mouse 303, 321, however the
effects are complicated because the Rett mouse hippocampus also displays hyperexcitability on a
global scale 306. Neurological deficits, like seizure, were initially linked to glutamatergic activity
due to neuronal hyperexcitability 322. More recent work, however, has focused on the role of
MeCP2 exclusively in inhibitory neurons 323, 324. Targeted expression of MeCP2 in only
excitatory neurons of a MeCP2-null mouse was unable to rescue most Rett phenotypes 325.
However, a conditional deletion of MeCP2 in GABAergic inhibitory neurons was sufficient to
recapitulate most Rett phenotypes 302 and even abolish critical plasticity 326. Overall, the
variability in cell-type specific deficits associated with the loss MeCP2 suggests that MeCP2 is
likely acting cell-autonomously in response to activity.
Although morphological defects have been described in the human Rett hippocampus,
PNN pathology in human or rodent hippocampus has yet to be studied. In Rett postmortem
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tissue, hippocampal CA3/4 pyramidal cells neurons appeared hypochromic (described as cellular
degradation/ ‘ghost cells’) while CA1 cells appeared normal 327. In rodent Mecp2-/Y CA2, neurons
are reported to be smaller than those in wildtype mice 305, 317, 328, although this decrease in size
was certainly not limited to neurons in CA2. In this study, I aimed to determine whether PNNs
associated with a population of excitatory neurons in area CA2 were altered or disrupted in a
mouse model of Rett. I then investigated whether Mecp2 deletion resulted in any functional
consequences in CA2, particularly regarding synaptic plasticity. CA2 SC synapses are normally
resistant to the induction of long-term potentiation (LTP) and as outlined in a previous chapter, I
identified PNNs as a negative regulator of LTP in acute hippocampal slices of P14-18 day old
mice. Here I describe experiments showing that PNNs develop prematurely in area CA2 of
Mecp2-/Y and in a conditional knockout of Mecp2. Furthermore, I found that the plasticity at CA2
SC synapses prior to the development of PNNs is prematurely restricted at P8-11 in CA2 of a
MeCP2-null mouse. I also found that normal plasticity in immature CA2 can be rescued by
degrading PNNs in vitro at P8-11. The results of these studies support the hypothesis that
MeCP2 can regulate PNNs cell-autonomously in CA2 neurons, and that the premature
development of PNNs in Rett CA2 results in an early closure of a plasticity ‘critical period’
there. The results of these studies are suggestive of a novel critical window of plasticity in CA2
that is altered in Rett syndrome.
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Materials and Methods
Animals in all experiments were housed under a 12:12 light/dark cycle with access to
food and water ad libitum. All procedures were approved by National Institute of Environmental
Health Sciences Animal Care and Use Committee and were in accordance with the National
Institutes of Health guidelines for care and use of animals.
Rett Syndrome mouse model:
Mice used in this study were hemizygous MeCP2-deficient males (Mecp2-/Y;
B6.129P2(C) -Mecp2tm1.1Bird , The Jackson Laboratory, stock # 003890, donated by Adrian Bird,
University of Edinburgh 300). Mecp2-/Y mutant males exhibit severe Rett-like characteristic at 3-8
weeks of age, whereas heterozygous females exhibit symptoms much later around 6 months of
age. This mouse line is maintained by breeding heterozygous Mecp2-/x females with C57BL/6
males. No special breeding conditions were used.
Conditional deletion of MeCP2:
For deletion of Mecp2 in CA2 pyramidal neurons, we used commercially available mice
with an X-linked mutation, loxP sites flanking exons 3-4 of the Mecp2 gene (floxed-MeCP2;
Mecp2flox ; B6.129P2( C) -Mecp2tm1.1Bird/J , The Jackson Laboratory, stock # 006847, donated by
Adrian Bird, University of Edinburgh 300)
This mouse line was maintained by breeding heterozygous Mecp2flox /x with C57BL/6 males; the
hemizygous males Mecp2flox /y are infertile. To delete MeCP2 in CA2 neurons, we crossed
heterozygous floxed-MeCP2 females with Amigo2-Cre+ males. MeCP2 is excised upon the
recombination of the loxP sites in neurons expressing Cre recombinase.
CA2 Cre-expressing line:
The Amigo2-Cre mouse line was generated in house at the NIEHS, see Supplemental
Methods Fig. S13-17 for genetic and histology details 230. The Amigo2 gene (adhesion molecule
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with Ig like domain 2) is expressed in CA2/3a, the fasciola cinereum, the cerebellum, the
accessory olfactory bulb, and the premammillary nucleus (in situ hybridization data, Allen Brain
Atlas, Seattle, WA; 252 To gain selective genetic access to molecularly-defined CA2, we used an
Amigo2-Cre line that expresses Cre recombinase predominantly in CA2 neurons in adult mice.
This mouse was generated from a bacterial artificial chromosome (BAC) transgene (Rp23288P18); as in Tg(Amigo2-EGP)LW244Gsat2 (GENSAT2) 329. Amigo2-cre mice were
maintained as hemizygous by breeding Amigo2-Cre+ mice with C57BL/6 mice. Only Cre+ males
were used in this study and brains harvested >3 weeks old.
Immunohistochemistry:
Mice were deeply anesthetized with Fatal-Plus and perfused with cold phosphatebuffered saline (PBS), followed by 4% paraformaldehyde in PBS (pH 7.4). Brains were removed
and post-fixed overnight at 4°C and submerged in 30% sucrose. Forty μm-thick sections were
cut on a sliding microtome, blocked in 5% normal goat serum and incubated in biotin-conjugated
WFA lectin (1:1000, Sigma Aldrich L1516), or rabbit anti-MeCP2 (07-013, Millipore, 1:500), or
mouse anti-STEP (Cell Signaling, 4817, 1:500), or mouse anti-regulator of G-protein signaling
14 (UC Davis/NIH NeuroMab Facility, AB_10698026, 1:1,000), or rabbit anti-PCP4 (SCBT, sc74186, 1:500 overnight at 40 C. Sections were washed 3 times in PBS and incubated in secondary
antibody at 1:500 for 40 minutes at room temperature: streptavidin Alexa-568, or goat anti-rabbit
H+L A568, or goat anti-mouse Alexa-568 (Invitrogen). Sections were mounted with Vectashield
anti-fade mounting medium with DAPI (Vector laboratories). Images were acquired on a Zeiss
laser scanning confocal (LSM510 NLO) or a Zeiss light microscope using controlled camera
settings.

2

The Gene Expression Nervous System Atlas (GENSAT) Project, NINDS Contracts N01NS02331 &
HHSN271200723701C to The Rockefeller University (New York, NY).
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Electrophysiology
Mice (Charles River Laboratories, Raleigh, NC) were deeply anesthetized with FatalPlus, decapitated, and their brains removed and submerged into oxygenated ice-cold sucrosesubstituted artificial cerebrospinal fluid (ACSF) of pH 7.4 (in mM): 240 sucrose, 2.0 KCl, 1
MgCl2, 2 MgSO4, 1 CaCl2, 1.25 NaH2PO4, 26 NaHCO3 and 10 glucose. Brain slices were cut
coronally at 300 μm using a vibrating microtome (Leica VT 1000S) and allowed to recover at
room temperature in a submersion holding chamber with artificial cerebral spinal fluid (ACSF)
(in mM): 124 NaCl, 2.5 KCl, 2 MgCl2, 2 CaCl2, 1.25 NaH2PO4, 26 NaHCO3, and 17 D-glucose
bubbled with 95% O2 with 5% CO2.
Whole-cell recordings were made from pyramidal neurons in area CA2, which were
identified visually using differential interference contrast (DIC) optics (CA2 neurons were
verified in earlier, separate experiments using a CA2-specific fluorescent reporter mouse line,
see methods 295). Glass borosilicate pipettes were filled with a potassium gluconate internal
solution (in mM) 120 K-gluconate, 10 KCl, 3 MgCl2, 0.5 EGTA, 40 HEPES, 2 Na2-ATP, 0.3
Na-GTP, pH 7.2), with a tip resistance between 3-4.5 MOhms. Data were collected using
Clampex 10.4 and analyzed using Clampfit software (Axon Instruments). Series and input
resistances were monitored by measuring the response to a 10mV step at each sweep and cells
were included for analysis if <30% change in series and input resistance. Recordings were not
compensated for series resistance.
To assess excitatory transmission in P14-18 slices, whole-cell recordings were performed
in voltage-clamp mode, and postsynaptic currents (PSCs) were evoked with a bipolar stimulating
electrode placed in the stratum radiatum. Excitatory PSCs (EPSCs) were isolated using the
GABAA receptor antagonist bicuculline in the bath solution. Paired-pulse facilitation (PPF) was
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assessed under similar conditions. Inhibitory transmission was not blocked in P8-11 slices
because pilot experiments with bicuculline in the bath solution resulted in epileptic activity
during recordings (data not shown). To determine action potential threshold, whole-cell
recordings were performed in current-clamp mode. Current pulses of 180 ms in 0.2 nA steps
were delivered and the membrane potential at which the cells first fired action potentials was
measured. For long-term potentiation (LTP) experiments, baseline EPSCs were collected every
15 seconds for at least 5 minutes after which a pairing protocol was used, consisting of 1.5
minutes of 3 Hz presynaptic stimulation (270 pulses) paired with postsynaptic depolarization to 0
mV in voltage-clamp mode 330, 331. Data were averaged and normalized to baseline.
Immunoblotting:
Neurons in single hippocampal hemispheres were lysed with RIPA buffer (Thermo) with
HaltTM protease/phosphatase inhibitor cocktail (Thermo). Lysate was briefly sonicated and
incubated on ice for 30 minutes while rocking. The lysate was centrifuged and resolved by gel
electrophoresis and transferred to a nitrocellulose membrane using the iBlot gel transfer
apparatus (Invitrogen). Immunoblots were incubated with primary antibody overnight, washed
3X in PBS with 0.01% Tween for five minutes each and incubated in secondary for two hours.
They were again washed 3X in PBS with 0.01% Tween for five minutes each. Blots were
visualized with an Odyssey infrared scanner (Li-COR Biosciences) after immunolabeling
primary antibodies with infrared fluorophore–tagged secondary antibody (LiCor). Images were
analyzed using the ImageJ; the mean gray value of the band of interest was measured and
background was subtracted (defined as a region in close proximity to the band of interest).
Equal amounts of protein (25 ug) from each sample were loaded on 4-12% bis-tris
NuPage gels (Invitrogen) and transferred to nitrocellulose membranes. The following antibodies
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were used: rabbit antibody to NR2A (04-901, Millipore, 1:4000), rabbit antibody to glutamate
receptor 1 protein (GluR1) (ab1504, Millipore, 1:1000), rabbit antibody to MMP-9 (PA5-13199,
Invitrogen, 1:1000), rabbit antibody to meCP2 (07-013, Millipore, 1:500), mouse antibody to βactin (MA5-15739, Invitrogen, 1:10,000), donkey secondary antibody to rabbit IgG
IRDye680RD® (925-68073, LiCor, 1:500), and goat secondary antibody to mouse IgG (H+L)
IRDye800CW® (924-32210, LiCor).

Results
LTP is expressed at CA2 SR synapses at P8-11
Excitatory synapses in CA2 stratum radiatum (SR) of P14-18 acute hippocampal slices
normally fail to express typical LTP, but PNN degradation in vitro enables LTP 295. Whether
LTP can be induced at CA2 SR synapses at an age prior to PNN development (<P14) has yet to
be tested. First, I characterized the expression of several putative negative regulators of plasticity
in CA2 at P10 compared to P60. I found RGS14, which had been shown to inhibit LTP in CA2,
was minimally detected at P10 and strongly expressed at P60, consistent with a previous study
198

. Similarly, STEP, WFA and PCP4 were either not detected (WFA) or minimally detectable at

P10 (Fig. 3.1a), and highly expressed at P60. Next, I tested whether LTP could be induced at
CA2 SR synapses at an age when PNNs as assessed with WFA staining, and these other proteins
are not yet detectable (P8-11) compared to P14-18 when PNNs have begun to develop (Fig.
3.1b). Stimulating CA2 SR synapses with an LTP pairing protocol (3 Hz stimulation while
depolarizing the cell to 0 mV) was sufficient to induce LTP at P8-11 CA2 SR synapses (143 ±
0.2% baseline, *P=0.0011, two-tailed unpaired t-test at 25-30 min. Fig. 3.1c).
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Intrinsic properties did not change in a way that could explain LTP in at P8-11 (Table
3.1, unpaired t-test, P>0.05). I found no significant differences in paired-pulse facilitation (Fig.
3.1d), but did observe higher basal excitatory transmission at P8-11 compared to P14-18 CA2
neurons (**P= 0.0011 at the highest current stimulation intensity, 320 uA, two-way ANOVA,
Bonferroni post-hoc test, Fig. 3.2d). Because inhibitory transmission was not blocked during P811 recordings, I repeated EPSC stimulus-response and PPF experiments without inhibitory
blockers and replicated results in Fig. 3.2d (data not shown). The action potential firing
frequency of CA2 neurons was also higher at P14-18 compared to P8-11 (**P= 0.0036 at 180 pA
of injected current, Bonferroni post hoc test for pairwise comparison, two-way ANOVA, Fig.
3.1d). Developmental changes in CA2 action potential firing frequency at P8-11 does not explain
the LTP in CA2. The enhanced excitatory transmission (stimulus-response curve) at high
intensity stimuli at P8-11 CA2 SR synapses compared to P14-18 is similarly unlikely to a factor
because the LTP experiments were typically performed using stimulation intensities between 1530 µA.
PNNs are increased in CA2 of a mouse model of Rett Syndrome
Previous work has shown that PNNs, presumably around PV neurons, are higher in brain
tissue from both individuals with Rett Syndrome and Mecp2-/Y mice 265. To determine whether
PNN maturation is also altered in hippocampal area CA2 in postnatal development, I quantified
PNNs at P14, 21 and 45 in a Mecp2-/Y mice. I found that staining for the PNN marker, WFA, is
increased in P14, 21 and 45 in CA2 stratum pyramidale (SP) of Mecp2-/Y compared to wildtype
littermates (Fig. 3.2a), Bonferroni post hoc test for pairwise comparison, two-way ANOVA,
**P< 0.005, ***P<0.0001. WFA staining was however unchanged around PNN+ inhibitory
neurons in area CA1 and in overlying somatosensory cortex, P > 0.05 (Fig. 3.2a). This finding in
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somatosensory cortex was in contrast to the results reported in another study looking at PNNs in
somatosensory cortex in a MeCP2-null mice, which showed PNN staining to be increased 284.
We also investigated whether another CA2 plasticity inhibitor may be increased in the MeCP2null mouse, RGS14. Staining for RGS14 protein was unchanged in CA2 SP at P14, 21, and P45
of the MeCP2-null males compared to wildtype littermates, P > 0.05 (Fig. 3.2b). I next sought to
determine whether this premature overexpression of PNNs in CA2 prematurely inhibits synaptic
plasticity.
PNNs in CA2 are increased in a targeted deletion of MeCP2 in CA2
Lastly, I sought to determine whether the increase in PNNs in CA2 of Rett is cellautonomous to pyramidal neurons, or is dependent on a global loss of MeCP2 in the
hippocampus, perhaps by way of glial cells or inhibitory network properties 302, 325.To test this,
we ablated MeCP2 from CA2 neurons and quantified PNN expression levels in the
hippocampus. We used a mouse strain expressing Cre recombinase (Cre) in CA2/3 neurons,
Amigo2-Cre+, to gain selective genetic access to molecularly-defined CA2 pyramidal cells. To
conditionally delete MeCP2 from CA2 neurons, we crossed Amigo2-Cre+ mice with a Credependent MeCP2 mouse line, floxed-MeCP2 (Mecp2flox/x) (Fig. 3.3a). The loss of MeCP2
protein was observed in all CA2 pyramidal neurons and sparsely in CA3 pyramidal neurons and
dentate gyrus (DG). No apparent loss of MeCP2 protein was observed in extra-hippocampal
brain structures, however it is likely that regions where Amigo2 is expressed were also affected
(eg. Cerebellum; 252. MeCP2 protein was not altered in Amigo2-Cre-; floxed-MeCP2 animals
compared to C57BL/6 (data not shown). Staining for PNNs revealed a greater staining intensity
of WFA in CA2 SP compared to three different controls: Cre+ WT, Cre-Floxed, Cre+ WT (***P
= 0.0001, one-way ANOVA, Tukey for post-hoc test, Fig. 3.3b), replicating the findings in the
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global Mecp2-/Y mouse (Fig. 3.2a). We also found that PNNs were not different around PNN+
neurons in CA1 or overlying somatosensory cortex (Fig. 3.3b). These data support the idea that
MeCP2 is likely acting cell-autonomously in pyramidal neurons to upregulate PNNs in CA2.
LTP is prematurely restricted at CA2 SR synapses in a mouse model of Rett and
degradation of PNNs restores plasticity
Because we found that LTP is expressed at CA2 SR synapses at P8-11 before PNNs are
detectable, we next asked whether the higher expression of PNNs in Rett CA2 may disrupt the
potentiation we can induce at early postnatal ages. We quantified WFA staining intensity in CA2
at P11 in MeCP2-null males compared to age-matched wildtype littermates. WFA staining was
indeed was higher in CA2 at P11 in the MeCP2-null compared with WT littermates at that age
(**P=0.0043, two-tailed, unpaired t-test, Fig. 3.4a). Note: to capture optimal images of WFA
fluorescence at P11, I had increased the camera exposure settings (relative to settings for P14-45
images in Fig. 3.1a). Next, I tested whether LTP could be induced at CA2 SR synapses in P8-11
MeCP2-null males like in wildtype animals. Consistent with the idea that premature PNN
development interferes with LTP, I found that LTP is indeed prematurely restricted at P8-11
CA2 SR synapses in Mecp2-/Y compared to wildtype littermates (111 ± 0.1% baseline at 20
minutes versus 1670.1% ± 0.3% baseline in wildtype baseline at 20 minutes), **P= 0.005, twotailed unpaired t-test, Fig. 3.4b. Intrinsic properties did not differ in a way that could explain the
premature restriction of plasticity in CA2 (Table 3.1, P>0.05, unpaired t-test). I also found no
significant differences in action potential firing frequency or paired-pulse facilitation at P8-11
between Mecp2-/Y and wildtype littermates (p>0.05, two-way ANOVA, Fig. 3.4c). Basal
excitatory transmission, as assessed with a stimulus-response curve, was however smaller at P811 CA2 synapses of Mecp2-/Y compared to wildtype littermates (*P= 0.014 at 320pA current
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stimulation, two-way ANOVA, Bonferroni post-hoc test, Fig. 3.4c). This may provide a possible
explanation for the premature loss of LTP at P8-11 CA2 Rett synapses if synapses were
‘maximally potentiated’ prior to slice preparation, as proposed by Pozzo-Miller and colleagues
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. To determine whether it is indeed the aberrant PNNs that are functioning to prematurely

restrict LTP in Rett CA2, I degraded PNNs in an acute hippocampal slice with the exogenous
enzyme chondroitinase (ChABC). I found that degradation of PNNs with ChABC apparently
restored the ability to induce LTP at CA2 SR synapses of P8-11 MeCP2-null males to the level
of wildtype littermates (178 ± 0.4% baseline versus 1.11 ± 0.4% baseline of WT 20 minutes, *P=
0.038, two-tailed unpaired t-test, Fig. 3.4d).
Global loss of MeCP2 alters plasticity-regulating molecules in the hippocampus
I next explored a few other possible mechanisms that may explain PNN upregulation and
disrupted plasticity in the Rett syndrome mouse model. One endogenous ECM-degrading
enzyme, MMP-9, was worth investigating as it has been shown to regulate structural and
functional plasticity in the visual cortex and postnatal reduction of MMP-9 levels promotes PNN
formation 160, 166, 333-335. Immunoblot analyses of MMP-9 protein levels in the adult hippocampus
revealed a significant decrease in MMP-9 in MeCP2-null males compared to wildtype littermates
(*P=0.034, one-tailed, unpaired, t-test, Fig. 3.5b). Note that we confirmed a complete loss of
MeCP2 protein in Mecp2-/Y hippocampal lysate (Fig. 3.5a). Furthermore, glutamatergic receptor
subunits GluR-1 (AMPAR) and NR2a (NMDAR) have been implicated as a mechanism for
disrupted plasticity in CA1 hippocampal neurons of the MeCP2-null mouse 286. Consistent with
previous reports, we show that NR2a protein is decreased in the Mecp2-/Y males compared to
wildtype littermates (Fig. 3.4c) and GluR-1 is unchanged (Fig. 3.5d). The critical next
experiments, though, will be to measure these plasticity-associated molecules (and the CA2
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plasticity-restricting molecules) in the hippocampus of pre-symptomatic P8-11 Mecp2-/Y mouse.
These future experiments will provide valuable insight into the mechanisms underlying
premature closure of what seems is a critical period for plasticity in CA2.

64

Figure 5- Fig. 3.1
Figure 3.1: LTP is expressed at CA2 SR synapses at P8-11
a) CA2 markers RGS14, STEP, PCP4, WFA at P10 and P60 in the hippocampus. At P10, WFA
staining in CA2 is the weakest relative to staining of RGS14, STEP and PCP4, which area also
show weak staining. At the adult age of P60, staining for all four protein markers are strongly
expressed in CA2. b) WFA staining at P11 and P14 in the hippocampus; the age of acute slices
used in electrophsyiology recorings in c). Staining for WFA immunofluorescence is detectable
and morphologically mature in area CA2 at P14 but not at P11 (left). Image of a 300-µm
hippocampal slice where a CA2 neuron is patched with a glass recording electrode and a
stimulating electrode is placed in CA SR. c) LTP is expressed at CA2 SR synapses in early
postnatal development in a hippocampal slice, before PNNs are detectable in CA2. Plasticity of
excitatory postsynaptic current (EPSC) amplitudes is present in CA2 neurons at PN 8-11, but
disappears by the second postnatal week. After baseline, an LTP pairing protocol (270 pulses at
3 Hz paired with postysnpatic depolarization; at time 0), resulted in potentiation of EPSCs in P811 CA2 neurons. Right: mean over 22-28 minutes of recovery, *P=0.0011, two-tailed unpaired ttest (n=8 and 9 for P14-18 and P9-11 respectively). Arrow indicates induction of the LTP pairing
protocol. Indicated is the mean +/- SEM, normalized to baseline. d) Excitatory postsynaptic
currents in response to indicated current stimulation is increased at P11 CA2 synapses compared
to P14, **P= 0.0011 at 320pA current stimulation, two-way ANOVA, Bonferroni post-hoc test
(n=9 and 8, P8-11 and P14-18, respectively). Paired-pulse ratio at CA2 synapses is unchanged
(S1= peak of first stimulus response, S2= peak of second stimulus response). Action potential
firing frequency of P11 CA2 neurons is increased compared to P14, **P= 0.0036 at 180pA of
injected current, two-way ANOVA (n= 13 and 20, P8-11 and P14-18), respectively
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Figure 6- 3.2
Figure 3.2: PNNs are increased in CA2 of a mouse model of Rett Syndrome during postnatal
development
a) Staining for PNN marker WFA (green) is increased in CA2 of Mecp2-/Y males compared to
wildtype littermates. Top) Normalized WFA fluorescence intensity was signficatly greater in
CA2 SP of Mecp2-/Y males (N=4, 4, 5 for ages P14, 21, 45 respectivietly), compared to wildtype
littermates (N=4, 3, 5 for ages P14, 21, 45 respectivietly), Bonferroni post hoc test for pairwise
comparison after two-way ANOVA, **P< 0.005, ***P<0.001. A two-way ANOVA for the two
conditions at different ages indicated significant main effects of age F(2,19)=194.8, condition
F(1,19)=110.5, and interaction F(2,19)=4.913.) WFA surrounding PNN+ inhibitory neurons in
CA1 was unchanged in Mecp2-/Y males compared to wildtype littermates, (P>0.05). WFA
staining in overlying somatosensory cortex was unchanged in Mecp2-/Y males compared to
wildtype littermates, (P>0.05). Indicated is the mean ± SEM. b) RGS14 staining in CA2 is
unchanged in MeCP2 compared to wildtype littermates. Normalized RGS14 fluorescence
intensity was not significantly different in CA2 SP at any age (Bonferroni post hoc test for
pairwise comparison after two-way ANOVA, P> 0.05. Indicated is the mean ± SEM.
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Figure 7- 3.3
Figure 3.3: PNNs in CA2, not in CA1 or overlying cortex, are increased in a targeted deletion of
MeCP2 in CA2.
a) To conditionally delete MeCP2 from CA2 neurons, we crossed Amigo2-Cre+ mice with a Credependent MeCP2 mouse line, floxed-MeCP2 (Mecp2flox /x). Staining for the MeCP2 protein
(red) is absent from the CA2 SP and attenuated in CA3 and DG of the Amigo2-Cre+; floxedMeCP2 mouse. The PNN marker WFA appears increased in area CA2 in the Amigo2-Cre+;
floxed-MeCP2 mouse compared to control (Amigo2-Cre-; Mecp2flox/Y). b) Quantification of
WFA fluoresence in CA2 SP, PNN+ neurons in CA1, and overlying somatosensory cortex of
Amigo2-Cre+; floxed-MeCP2 mouse compared to controls, Cre- wildtype, Cre+ wildtype,
Amigo2-Cre-; floxed-MeCP2. WFA fluorescence intensity is significantly increased in the
Amigo2-Cre+; floxed-MeCP2 mouse in CA2 SP compared to controls, ***P = 0.0001, one-way
ANOVA, Tukey for post-hoc test, (N= 3 per group). All other regions were not significant,
Tukey post-hoc test.
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Figure 8- 3.4
Figure 3.4: Plasticity of excitatory postsynaptic current (EPSC) amplitudes is prematurely
restricted at P8-11 CA2 SR synapses of Mecp2-/Y neurons and restored upon PNN degradation.
a) Staining for WFA is detecable and increased in area CA2 of Mecp2-/Y at P11 compared to
wildtype littermate, **P=0.0043, two-tailed, unpaired t-test, (N= 6 and 4, wildtype littermate and
Mecp2-/Y respectively). Note that fluorescent intensity was amplified by camera expsoure settings
for quantification purposes. b) LTP is restricted at CA2 SR synpases in P8-11 Mecp2-/Y (red) in
acute hippocampal slices compared to wildtype littermates (gray). Right: mean at 20 minutes of
recovery, **P= 0.005, two-tailed unpaired t-test, (n= 14 and 16, wildtype littermate and Mecp2-/Y
respectively). Arrow indicates induction of the LTP pairing protocol. Indicated is the mean +/SEM, normalized to baseline. c) Excitatory postsynaptic currents in response to indicated current
stimulation is decreased at P8-11 Mecp2-/Y CA2 synapses compared to wildtype littermate, twoway ANOVA, Bonferroni post-hoc test, *P= 0.014 at 320pA current stimulation (n= 9 and 6,
wildtype littermate and Mecp2-/Y, respectively). Paired-pulse ratio at CA2 synapses and action
potential firing frequency is unchanged, p>0.05. d) Degradation of PNNs after a 2-hour ChABC
treatment restores EPSC potentiation in P8-11 CA2 MeCP2-/Y neurons (pink) compared to
controls of the same age (red). Right: mean at 20 minutes of recovery, *P= 0.038, two-tailed
unpaired t-test (n= 16 and 11, Mecp2-/Y and +ChABC Mecp2-/Y). Arrow indicates induction of the
LTP pairing protocol. Indicated is the mean +/- SEM, normalized to baseline.
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Table 3-3.1
Table 3.1: CA2 P8-11 intrinsic properties including RMP, Cm and Ri, as well as action potential
threshold are unchanged in MeCP2-null males compared to widtype littermates (n=17 and 13,
respectively), P>0.05, two-tailed unpaired t-test. CA2 P14-18 intrinsic properties including
RMP, Cm, Ri, and action potential threshold are unchanged in MeCP2-null males compared to
widtype littermates (n=23 and 8), P>0.05, two-tailed unpaired t-test. Indicated is the mean ±
SEM. *Voltage threshold to fire action potential (AP) minus resting membrane.

P8-11

Intrinsic Properties
RMP (mV)

Cm (pF)

Ri (Mohm)

AP threshold
(mV)

CA2 Control

-64.33 (1.97)

115.7 (5.812)

337.3 (16.49)

-20.6 (1.907)

CA2 Mecp2-/Y

-66.44 (1.464)

120.5 (5.912)

317.7 (24.32)

-16.32 (1.46)

CA2 Control

-65.66 (1.575)

179.8 (12.26)

174.5 (14.38)

-16.29 (1.85)

CA2 Mecp2-/Y

-64.05 (0.8062)

186.5 (7.605)

223 (14.99)

-12.01 (1.145)

P14-18
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Figure 9- 3.5
Figure 3.5: Global loss of MeCP2 alters plasticity-regulating molecules in the hippocampus.
a) Immunoblot of MeCP2 protein (75 kDa) in Mecp2-/ compared to wildtype littermate (left). The
ratio of MeCP2 protein over loading control is signficantly decreased in Mecp2-/Y compared to
wildtype littermate (right). ***P=0.0003, two-tailed, unpaired, t-test, n=3 for each group. b)
Immunoblot of MMP-9 protein (92 kDa) in Mecp2-/ compared to wildtype littermate (left). The
ratio of MMP-9 protein over loading control is decreased, in Mecp2-/ compared to wildtype
littermate (right). *P=0.034, one-tailed, unpaired, t-test, n=3 for each group. c) Immunoblot of
NR2a protein (170 kDa) in Mecp2-/ compared to wildtype littermate (left). The ratio of NR2a
protein over loading control is signficantly decreased in Mecp2-/ compared to wildtype littermate
(right). *P=0.024, two-tailed, unpaired, t-test, n=3 for each group. d) GluR-1 protein (107 kDa)
in Mecp2-/ compared to wildtype littermate (left). The ratio of GluR-1 protein over loading
control is signficantly lower in Mecp2-/ compared to wildtype littermate (right), P > 0.05.
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Discussion
A key challenge for understanding the pathogenesis of Rett syndrome is identifying
molecular targets and understanding when and how they cause synaptic dysfunction. PNNs are
functionally implicated in inhibiting structural and synaptic plasticity in the developing brain 296.
Moreover, PNNs are elevated in several cortical regions in postmortem Rett individuals, as well
as in the mouse model of Rett, MeCP2-null 265, 284, 336, 337. Because, PNNs have yet to be
described in the hippocampus or during early postnatal life, I characterized the development of
PNNs in the hippocampus between ages P11 to P45 in Mecp2-/Y males. I found that staining for
PNNs develops prematurely and is increased in adulthood in hippocampal area CA2 of Mecp2-/Y
males compared to wildtype littermates. Because the maturation of PNNs closely track the
closing of critical windows of plasticity, I reasoned that the normal absence of PNNs at P11 in
CA2 may be correlated with a yet-to-be described developmental window of plasticity at CA2
synapses.
In the visual system, PNNs first appear around inhibitory neurons after eye opening,
~P15 and are fully matured by P30, tracking the closure of critical period plasticity in mice 298.
PNNs first develop in area CA2 around P14 in the rodent. Hippocampal CA2 neurons are
normally resistant to LTP induction at CA2 SR synapses in mice older than P14 196. Because I
previously found that degrading PNNs in an acute hippocampal slice was sufficient to enable
plasticity in CA2 at P14-18 295, I tested whether I could induce plasticity in CA2 at in P8-11, an
age before PNNs develop in CA2. I found that potentiation could indeed be induced at CA2 SR
synapses in the neonatal hippocampus, discovering a previously unknown window of synaptic
plasticity in the hippocampus that correlates precisely with the onset of PNN appearance. Next, I
investigated whether PNNs and/or plasticity may be altered in the developing brain at P8-11 in
Rett CA2 neurons.
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I hypothesized that because PNNs are at least one brake on CA2 plasticity, premature
development of PNNs may be correlated with premature restriction of plasticity at CA2 SR
synapses. Indeed, I found that plasticity is suppressed prematurely in CA2 of a mouse model of
Rett (at P8-11). Premature restriction of CA2 LTP may be due to. An alternative hypothesis
could be that, because others have found inhibitory transmission developing prematurely, as in
the visual system; LTP in CA2 may be prematurely restricted by inhibition 298. However, this is
unlikely considering GABA transmission is normally excitatory at P8-11 105, although not
validated at CA2 synapses. Our data rules out CA2 excitability as a possible explanation because
action potential firing frequency is unchanged in Mecp2-/Y males. Moreover, I found that
degradation of PNNs in vitro with ChABC rescues early plasticity restriction, strongly
implicating PNNs as a regulator of premature plasticity in Mecp2-/Y CA2. To explain the
ChABC-induced LTP restoration, I proposed to examine whether ChABC treatment at P8-11 in
Mecp2-/Y hippocampi enhances CA2 excitatory synaptic strength or increases intrinsic
excitability. Overall, the restoration of CA2 plasticity by ChABC treatment in the Rett mouse
hippocampus convincingly point to PNNs as a premature molecular brake on plasticity in CA2.
PNNs function to stabilize synapses in the developing brain, therefore premature PNN
maturation in Rett CA2 may be disrupting normal synapse/ circuit development 296. PNN
development is activity-dependent and is modulated by normal experience in early-life in several
brain regions including motor 116 and visual 113, 117, 118 systems. In general, sensory deprivation
from birth delays and attenuates PNN maturation but are unaffected by similar manipulations in
adulthood. This begs the question, could pathological increases in activity explain the premature
development of PNNs in Rett CA2? Although we did not directly test this, a recent study would
suggest that indeed aberrant activity in early life can increase PNN expression levels. A single
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seizure at P10 increases PNNs around inhibitory neurons in the hippocampus 242; whereas a
single seizure in adulthood reportedly attenuates PNNs 243. In contrast to pathological activity, I
report that PNNs are increased at P21 and P45 but not at P14 in CA2 after rearing mice in an
enriched environment (EE) 295. In fact, PNNs may even be lower in CA2 at P14 (see Fig. 3,
Chap. 2). In future experiments, I propose to characterize the effects of EE on PNN expression at
P14, and earlier, to better understand how aberrant versus ‘appropriate’ activity may differently
regulate PNNs during neonatal development of normal and Mecp2-/Y brains.
Approximately 70% of Rett children develop partial and generalized convulsive seizures
by the age of 7 266, 270. In symptomatic Mecp2-/Y males, pyramidal neurons in the somatosensory
cortex and thalamus of Mecp2-/Y males have reduced excitatory synaptic transmission 303, 306, 320,
338, 339

. However, the hippocampus in Rett model mice is reported to be hyper-excitable and more

susceptible to seizure 306. Voltage sensitive dye experiments in acute hippocampal slices reveal
increased neuronal depolarizations in response to SR electrical stimulation in Rett CA1 and CA3
regions compared to control 306. The hyper-excitably is thought to originate from a higher
frequency of spontaneous activity in CA3 pyramidal neurons and impaired synaptic inhibition
(smaller mIPSC amplitude) 306, 339. These data indicate that both excitatory and inhibitory
impairments contribute to overall hippocampal hyperexcitability observed in symptomatic Rett
mice, however this pathophysiology has yet to be studied in the neonate hippocampus.
I found that excitatory synaptic transmission is decreased at CA2 SR synapses in P8-11
Mecp2-/Y males compared to wildtype littermates, but only at high stimulation intensities.
Interestingly, I also found that excitatory transmission is increased by P14-18 in MeCP2 mice
(data not shown), which is consistent with previous reports of hippocampal hyperexcitability in
Mecp2-/Y males. These data indicate a possible abnormal weakening and subsequent
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strengthening of CA2 synapses during Mecp2-/Y postnatal development. Interestingly, Mecp2-/Y
CA1 neurons display a 46% reduction in excitatory synaptic response at 2 weeks of age, which
has been attributed to a reduction in glutamatergic terminals on CA1 pyramidal neurons (noteglutamatergic release probability is unchanged) 303. I did not observe any differences in PPF,
suggesting that at least with this measure, presynaptic release properties are normal. In future
experiments, I propose to measure mEPSC frequency to determine whether the number of
glutamatergic terminals may be similarly reduced. Taken together, these findings demonstrate
abnormal strengthening of excitatory synapses in CA2 (and CA1) during early postnatal
development in Mecp2-/Y hippocampus.
Glutamate receptor subunits have been identified as one possible mechanism underlying
the CA1 plasticity deficit in the Rett mouse model 286. During the critical period in mouse visual
cortex, NR2A subunit expression is modulated by visual experience, leading to the hypothesis
that the developmental switch from NR2B to NR2A may act to close critical period plasticity 38,
39, 54 55, 340

. Interestingly, AMPA and NMDA receptor densities were increased in young Rett

brains (< 8 years old) but dramatically decreased in older patients 341, 342. It remains unclear as to
whether the abnormality in subunit expression in postmortem Rett tissue is a cause or
consequence of developmental defects in Rett, therefore a developmental characterization of
glutamatergic subunits in the developing Mecp2-/Y brain would be hugely informative. We, and
others, show that NR2A expression is high in the symptomatic Mecp2-/Y hippocampus. In
Mecp2-/Y CA1, high NR2A and low NR2B is thought to contribute to LTP deficits, because
NR2A is more efficient than NR2B in generating NMDAR-dependent LTP in adult CA1
synapses 343. NR2B subunit is normally highly expressed at embryonic ages in the cortex, while
NR2A appears in the cortex a few days after birth in the rodent 312, 344. As an example of NMDA
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subunit regulation in early windows of plasticity, LTP at thalamocortical synapses in the
somatosensory cortex at P3-7 is dependent on NR2B, not on NR2A 345. Note- LTP is expressed
between P8-11 at thalamocortical synapses in somatosensory cortex, at which point LTP is not
inducible >P11 345. Because LTP in CA2 is NMDAR-dependent, P8-11 LTP at CA2 SR
synapses may similarly be NR2B-dependent, in which case alterations in NR2B subunit in
neonates of MeCP2-null animals could explain the lack of LTP in CA2 of MeCP2-null animals
203

. To our knowledge, though, the level of NR2b in Mecp2-null mouse hippocampus has only

been measured in symptomatic adult animals 286.
Finally, the idea of a premature closure of plasticity is not new to the Rett field. Mecp2-/Y
visual acuity is comparable to that of WT at the time of eye opening (P13), however rapid and
progressive deficits in morphology, connectivity and physiological properties occur by 2-3 days
later 299, 346-348. Krishnan and colleagues also note that PNNs are enhanced at P15 and P30,
similarly suggesting an early closure of the critical period. Indeed they found an early onset and
closure of ocular dominance plasticity, as well as deficits in visual function, and attribute these
findings to a precocious maturation of PV neurons 298. Interestingly, the loss of MeCP2 from
only PV inhibitory neurons abolishes experience-dependent plasticity, but a loss of MeCP2 from
glutamatergic cells or somatostatin+ inhibitory neurons has no effect on critical period
plasticity326. I found that knock-down of MeCP2 in CA2 was sufficient to replicate the
overexpression of PNNs. These data would suggest that although loss of MeCP2 in
glutamatergic cells in the visual cortex did not alter critical period plasticity, our observation of
increased PNNs in CA2 would suggest that selective loss of MeCP2 in glutamatergic CA2
neurons may ultimately be sufficient to prematurely restrict plasticity in CA2. In future
experiments, I propose to characterize PNNs in a PV-targeted MeCP2 knock-down mouse,
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where an increase in CA2 PNNs would suggest that MeCP2 is not acting cell-autonomously, but
instead is regulating PNNs on a global scale of hippocampal activity changes. Either way, these
findings ultimately beg the question, what might be the long-term effects on disrupting an early
window of critical hippocampal-dependent learning?
Overall, my findings indicate that synaptic function appears to be pre-symptomatically
impaired in the hippocampus, particularly in CA2. Interestingly, dendritic spines are reportedly
decreased in CA1 Mecp2-/Y at P7 but not at P15. Taken together with our findings, the study of
plasticity in the Mecp2-/Y neonatal hippocampus is critical 332. Future experiments focusing on the
pathophysiology in the pre-symptomatic mouse, as well as developmental studies of MeCP2reinstatement will be imperative to better understand the timepoint at which cognition declines
and, ultimately, identifying an optimal therapeutic window for therapeutic intervention. Taken
together, the presence of PNNs in CA2 is highly suggestive of an unknown critical window of
plasticity in the hippocampus that may ultimately shed light on hippocampal-dependent learning
deficits associated with Rett syndrome infants.
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CHAPTER IV–SEIZURE ACTIVITY ALTERS PERINEURONAL NETS IN THE
HIPPOCAMPUS OF A MOUSE MODEL OF TEMPORAL LOBE EPILEPSY
Introduction
Temporal lobe epilepsy (TLE) affects an estimated 50 million people worldwide and is
among the most difficult form of epilepsy to treat 349, 350. Epileptogenesis refers to the process
whereby a normal brain becomes epileptic and is thought to reflect aberrant plasticity, however,
little is known about the underlying mechanisms 351. Thus, understanding more about the
remodeling that takes place during epileptogenesis should lead to more effective therapeutic
targets for TLE. During epileptogenesis, massive hippocampal remodeling occurs, including
mossy fiber sprouting and long-term changes in functional plasticity 352, 353. Another observation
is that the extracellular matrix (ECM), specifically the specialized ECM perineuronal nets
(PNNs), are altered in the hippocampus of humans with epilepsy and in rodent models of
seizures 294, 354, 355 356. TLE patients typically develop recurrent seizures during childhood and
studies of human adult post-mortem TLE tissue reveal massive hippocampal synaptic
reorganization. Loss of ECM components are thought to be one mechanism by which the cellular
environment could become permissive for this axonal remodeling 354, 357.
In rodents, a single prolonged seizure can lead to extensive structural and functional
synaptic changes in the adult hippocampus, including mossy fiber sprouting, neuronal cell death
and aberrant synaptic plasticity

353, 358-360

. Interestingly, PNNs have be reported to be down-

regulated in the rodent hippocampus after an acute seizure in adulthood 243. One mechanism by
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which the seizure-induced degradation of PNNs is that endogenous proteases, enzymes that
degrade the ECM, dramatically increase, and have been shown to play a prominent role in
modulating epileptogenesis 165, 361, 362 351. Many rodent seizure models, however, have neglected
to mimic the effects of recurrent seizures that are characteristic of TLE. Because PNNs are
implicated in epilepsy and are densely localized to hippocampal region CA2, I sought to
characterize the development and plasticity of PNNs around this population of excitatory
pyramidal neurons in a mouse model of TLE.
CA2 neurons have been long appreciated as resistant to seizure-induced cell death in
TLE individuals and rodents 191, 363-365. Post-mortem analysis of sclerotic hippocampi of TLE
individuals reveals widespread cell death in areas CA1/ 3 and DG but not in are CA2 191, 363,
366

. The effect of pathological increases in activity on PNN formation in CA2, however, is

unknown. Interestingly, PNNs in the hippocampus appear to be differently regulated by acute
seizure in the developing brain compared to adulthood; McRae and colleagues found a
persistent decrease of PNNs staining around inhibitory neurons in the hippocampus one week
to two months after a single seizure that persisted into adulthood 243. Moreover, the same
group found that a single seizure in a neonatal rat (age P10) caused an increase in PNN+
inhibitory neurons four days post status-seizure 242. Because we previously found that PNN
degradation enables potentiation in the normally plasticity-resistant CA2 pyramidal neurons,
I reasoned that PNN degradation in response to recurrent seizures in adulthood may alter
plasticity there. Interestingly, a recent study in mice reported mossy fiber sprouting in the
CA2 region following seizure, suggesting that seizures may allow for a permissive
environment in CA2 for aberrant plasticity to occur 367.
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To identify the effect of early-onset seizures on PNN expression levels in hippocampal
CA2, I used Kv1.1-null mice, in which the Kv1.1 potassium channel gene has been deleted.
Kv1.1-null mice display frequent spontaneous seizures beginning early in development and
continuing into adulthood. The seizures exhibited by these mice have been characterized
behaviorally and electrographically, and mimic limbic seizures observed in human TLE 368.
Homozygous Kv1.1-null mice on a B6/129S genetic background develop seizures around P21,
and progress in severity over time limiting the life span to approximately 2 months of age 368.
This TLE mouse model has allowed me to study the effects of early-life seizure on CA2 PNN
development, as well as the effects of long-term recurrent seizures on PNNs in adult
hippocampus. In addition, this model will help us to disentangle the effects of seizure activity
and MeCP2 depletion, as seizures are common in Rett syndrome 282.
The dense localization of PNNs in CA2, CA2’s particular resistance to both plasticity and
damage from seizure, and the region’s central location in hippocampal excitatory circuity make
CA2 a compelling region to study how PNNs may be developmentally disrupted in epilepsy. In
this section I report that PNNs are indeed attenuated in area CA2 of adult Kv1.1-null mouse, but
are unaffected by early-life seizure in these mice. I will also describe a dramatic increase in
PNNs in dentate gyrus, which is inconsistent with another study that found aggrecan is decreased
in DG after a single seizure 243. Future investigation into how recurrent seizures modulate PNNs
in a mouse model of TLE and subsequently, how alterations of PNNs modulate hippocampal
plasticity will be critical for our understanding of the long-term effects of epileptogenesis on
hippocampal function.
Next, we sought to investigate how PNNs are regulated by artificial manipulation of CA2
neuronal activity in the adult brain. PNNs are indeed susceptible to damage from injury like
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seizure or ischemia in the adult brain; however, non-pathological forms of activity such as
environmental enrichment or other learning tasks appear sufficient to also alter expression 125, 295,
369-371

. For example, PNNs in the adult auditory cortex were enhanced 4 hours after tone-shock-

paired fear conditioning but returned to baseline after 24 hours in mouse 174. I previously found
enhanced PNNs in area CA2 at P45 in mice reared in an enriched environment, suggesting that
PNN modifications can persist on a longer timescale 295. The age, duration, and degree of
neuronal activity changes all appear to be variables in regulating PNNs throughout development.
Here I describe experiments where we directly manipulated CA2 activity using a
chemogenetic approach. Chemogenetics is a method by which proteins are engineered to interact
with small molecule chemical actuators 372. One class of engineered proteins that was designed
to manipulate neuronal activity is G-coupled Designer Receptors Exclusively Activated by
Designer Drugs (DREADDs) 372. DREADD receptors are activated by their designer drug
clozapine N-oxide (CNO) 230, 373, 374. Depending on the class of DREADDs, activation of the
receptor can either increase (Gq-coupled) or decrease (Gi-coupled) neuronal activity by either
depolarizing or hyperpolarizing the cell 372. CNO has been reported to have lasting effects for up
to 6-10 hours post administration 374. Using DREADDs, we increased or decreased activity of
CA2 neurons persistently for 5 days and compared PNN levels to that of the TLE mouse model.
We found that PNNs staining was significantly lower in CA2 after 5 days of increased activity in
CA2 compared to control animals.
Finally, the current methods of experimentally degrading PNNs have several limitations.
First, a knockout of the major ECM component, aggrecan, during embryonic development is
lethal and is therefore limited to in vitro studies 375. Moreover, loss of a single PNN component,
such as tenascin-R, is typically insufficient to fully reduce staining for this matrix, which is

85

likely due to the redundancy of proteoglycan components 138, 168, 376, 377. Note however that these
mice do exhibit aberrant synaptic and structural plasticity 138, 168, 376. The chondroitinase enzyme
itself is promiscuous in the mammalian brain; direct injection of the enzyme effects a large
diffuse area surrounding the site of injection 134, 256. This commonly used approach also lacks
cell-type specificity, considering that all PNN+ neurons within the ChABC-injected area are
affected. ChABC has previously been successfully expressed in mammalian neurons using AAV
and lentiviral vectors, however the effect has still been diffuse and not cell-type specific 259, 378,
379

. Ultimately, cell-type specific degradation of PNNs would allow for studies of cell-

autonomous regulation of PNNs and potentially allow us to better understand whether PNNs are
a cause or an effect of pathological changes in activity. Here I describe preliminary data
suggesting that targeting PNN-degradation with cell-type specificity in vivo is indeed possible.
This novel approach will allow me to study PNN function with cell-type selectivity in vivo and
may ultimately reveal how long-term loss of PNNs (associated with several neurodevelopmental
disorders) may disrupt learning and memory processes 265, 380, 381.

Materials and Methods
Animals:
Animals in all experiments were housed under a 12:12 light/dark cycle with access to
food and water ad libitum. All procedures were approved by National Institute of Environmental
Health Sciences NIEHS and were in accordance with the National Institutes of Health guidelines
for care and use of animals.
Immunohistochemistry:
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Adult male mice were deeply anesthetized with Fatal-Plus and perfused with cold PBS,
followed by 4% paraformaldehyde in PBS, pH 7.4. Brains were removed and postfixed overnight
at 4°C and submerged in 30% sucrose. Forty-micrometer-thick sections were cut on a sliding
microtome, blocked in 5% normal goat serum and incubated in biotin-conjugated Wisteria
floribunda agglutinin (WFA) lectin (1:1000; Sigma-Aldrich L1516), rabbit anti-PCP4 (1:500,
SCBT, sc-74186), rabbit anti-MMP-14 (1:500, Abcam, ab51074), guinea pig anti-ZNT3
antibody (Synaptic systems #197 004, 1:500), overnight at 4°C. Sections were washed three
times in PBS and incubated in secondary antibody at 1:500 for 40 min at room temperature:
streptavidin Alexa-568 (Invitrogen #S11226) or goat anti-rabbit H+L A568 (Invitrogen).
Sections were mounted with Vectashield antifade mounting medium with DAPI (Vector
Laboratories). Images were acquired on a Zeiss laser scanning confocal (LSM510 NLO) or a
Zeiss light microscope using controlled camera settings.
WFA quantification and statistical analysis:
PNNs were stained and imaged using the protocol described above in the
immunohistochemistry section. WFA staining intensity was quantified using measures of pixel
luminescence value on ImageJ software (National Institutes of Health) using a region of interest
(ROI) contoured around either CA2 pyramidal neurons in stratum pyramidale (SP), PNN+
neurons in CA1 or a square ROI spanning all layers of overlying cortex. This cortical region is
defined as primary somatosensory cortex according to an anatomical reference from the Allen
Mouse Brain Atlas (Allen Institute, Seattle, WA). The mean gray value measure of background
(defined as a region in a fixed anatomical location in the fimbria of each section) was subtracted
from the mean gray value of each ROI. Each data point represents one mouse. Fluorescence
quantification was repeated and analyzed with the experimenter blinded to condition.
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Data in figures are expressed either as a mean ± SEM or a normalized mean ± SEM.
Statistical analyses were performed using GraphPad Prism 6.05 software, and significance was
calculated using an α level of 0.05. The Kolmogorov–Smirnov test was used to test normality
and variance.

Aim 1: PNN regulation in a temporal lobe epilepsy (TLE) mouse mode.
TLE mouse model:
Kv1.1-null mouse (also known as Kcna1 knock-out mouse), C3HeB.129S7Kcna1tm1Tem/J, The Jackson Laboratory, stock # 003532, donated by Bruce L. Tempel, University
of Washington School of Medicine 368. We crossed heterozygous Kv1.1+/- mice and used
homozygous male and female Kv1.1-/- knock-out mice to measure in vivo electrophysiology and
to quantify PNN staining.
Electrode implantation of a Kv1.1 KO mouse:
A P40 Kv1.1 null mouse was implanted with an electrode wire bundle for in vivo
electrophysiology recordings to measure potential ictal activity. The mouse was anesthetized
with ketamine (100mg/kg, IP) and xylazine (7mg/kg, IP) and placed in a stereotaxic apparatus.
An incision was made in the scalp and a hole was drilled over the target region for recording.
One ground screw was positioned approximately 4 mm posterior and 2 mm lateral to Bregma
over the right hemisphere. The electrode was lowered and implanted in the left dorsal
hippocampus targeting CA3 (-2.06 AP, -2.2 ML, -2.1 DV from Bregma). The electrode consisted
of one bundle of 8 stainless steel wires (44-µm) with polyimide coating (Sandvik Group,
Stockholm, Sweden). The wires were then connected to a printed circuit board (San Francisco
Circuits, San Mateo, CA), which was connected to a miniature connector (Omnetics Connector
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Corporation, Minneapolis, MN). Electrode placement was confirmed via wire bundle tracks
during histological analysis.
Electrophysiology data acquisition:
Five days following electrode implantation, the null mouse underwent
electrophysiological recording in the awake, behaving state for a duration of one hour on two
consecutive days, and local field potential (LFP) data were analyzed for bouts of ictal activity.
Neural activity was transmitted via a 32-channel wireless 10x gain headstage (Triangle
BioSystems International, Durham, NC) and was acquired using the Cerebus acquisition system
(Blackrock Microsystems, Salt Lake City, UT). Continuous LFP data were band-pass filtered at
0.3-500 Hz and stored at 1,000 Hz. Neurophysiological recordings were referenced to a silver
wire connected to the ground screw.
Maximal electroconvulsive Shock (MECS) protocol:
Unanesthetized adult male mice were given a single maximal electroconvulsive shock
(MECS) by delivering alternating current through ear clips (60Hz, 45mA for 0.2s with 0.5ms
pulse width, UGO BASILE ECT UNIT cat # 57800-001). MECS was characterized by full
extension of the hind limbs (tonic phase) for 10–15 sec, followed by repetitive flexion–extension
of the forelimbs for 5–10 sec (clonic phase). Sham animals were handled identically except that
no current was passed. See Farris et al. (2014) for extended methods 382. One hour after seizure
induction, mice received a lethal dose of fatal plus and the brains were removed and flash frozen
in isopentane (chilled to −20°C in a dry ice and ethanol bath) for RNA analysis (below).
In situ hybridization
Adult mouse brains were flash frozen and coronal 20-μm-thick sections were cut on a
cryostat and mounted on SuperFrost Plus slides (Fisher Scientific 12-550-15). Sections were
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fixed in 4% paraformaldehyde for 1 h at 4°C, dehydrated in 50, 70, and 100% ethanol, and airdried at room temperature. Fluorescent RNAscope in situ hybridization (ISH) was performed
using an RNAscope Fresh Frozen Multiplex Fluorescent kit according to the manufacturer's
protocol to perform target probe hybridization and signal amplification (Advanced Cell
Diagnostics). Probes were purchased from Advanced Cell Diagnostics: aggrecan mRNA, mmacan-C1 (catalog #300031-C1) and the immediate early gene Rn-Arc-3p (catalogue number
317076) (see design methods187. Fluorescent images were captured on a Zeiss laser-scanning
confocal microscope (LSM710).
Cell death Staining:
Cell death and degenerating neurons were visualized using the FD Neurosilver kit (FD
Neurotechnologies) on 40-μm sections. Tissue was prepped as described in
immunohistochemistry manual. See FD Neurotechnologies for protocol, but in brief, the
NeuroSilver stain uses diaminobenzodine as a chromogen, which stains degenerating neurons the
color silver. Sections were slide-mounted and washed in tap water, dehydrated through a series
of ethanol washes (70%, 90%, 100%), for 5-min each, and then finished in a xylene solution. We
visually inspected the hippocampus in coronal slices for neuronal damage.
http://www.fdneurotech.com/item/0/41/0/732/FD_NeuroSilver_Kit_II_small

Aim 2: PNN regulation by chemogenetic manipulation of CA2 activity
Animals:
To gain selective genetic access to molecularly-defined CA2, we generated a tamoxifeninducible mouse line, Amigo2-icreERT2. Expression of Cre in CA2 was validated by crossing
Amigo2-icreERT2+ with a Cre-dependent tdTomato reporter mouse line 383. Mice expressed
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tdTomato in CA2 of Amigo2-icreERT2+; ROSA-tdTomato+/- treated with tamoxifen (see Fig.
S1 of Alexander et al. (2017) for expression of the Cre indicator 230). The localization to CA2
pyramidal neurons was characterized by co-labeling with the CA2 pyramidal cell marker, PCP4,
and an inhibitory neuron marker, GAD. The expression of Cre was indeed localized to CA2
pyramidal neurons and not inhibitory neurons in the hippocampus. To chemogenetically
manipulate CA2 activity, Cre-dependent AAVs encoding either excitatory Gq-coupled or
inhibitory Gi-coupled Designer Receptors Exclusively Activated by Designer Drugs
(DREADDs) were infused into hippocampi of adult Amigo2-icreERT2+ or Amigo2-icreERT2mice. Mice were group housed until the time of the AAV infusion, at which point they were
singly housed and monitored during recovery from surgery. All procedures were approved by the
National Institute of Environmental Health Sciences Animal Care and Use Committee
and were in accordance with the National Institutes of Health guidelines for care and use of
animals.
Animal numbers:
WFA staining intensity was quantified to measure changes in response to chemogenetic
changes in activity. Sample sizes for histological analysis are consistent with those used in the
field.

Mice
Amigo2-icreERT2+
Amigo2-icreERT2-

Infusion hM3Dq
(4 mice)
(4 mice)

Infusion hM4Di
(6 mice)
(6 mice)
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No virus infusion
1
1

In vivo chemogenetics:
Gq- or Gi-coupled DREADD AAV (hSyn-DIO-hM3D(Gq)-mCherry or hSyn-DIOhM4D(Gi)-mCherry, respectively; serotype 5) was delivered to hippocampus near CA2 in
Amigo2-icreERT2 mice to selectively target CA2 pyramidal neurons. Expression of each
DREADD virus was validated previously using the mCherry reporter that is encoded in the AAV
construct 230. The mCherry expressing cells also expressed the CA2 marker PCP4 and pyramidal
cell marker CaMKII but not the inhibitory marker GAD.
Virus infusion and tamoxifen treatment:
Viruses listed above were obtained from the viral vector core at the University of North
Carolina at Chapel Hill. To prepare mice for the virus-infusion, mice were anesthetized with
ketamine (100 mg/kg, IP) and xylazine (7 mg/kg, IP) and placed in a stereotaxic apparatus. An
incision was made in the scalp and a hole was drilled over the CA2 target region for AAV
infusion. A 27 guage cannula connected to a Hamilton syringe was lowered into the
hippocampus (in mm: -2.3 AP, +/-2.5 ML, -1.9mm DV from bregma). Virus were infused
unilaterally on the left side for hM3Dq and bilaterally for hM4Di AAV at a rate of 0.1 µl/min for
a total of 0.5 µl. The cannula was then left in place for an additional 10 min before removing.
Once removed, the scalp was sutured and animals were returned to their cages. Animals were
administered buprenorphine (0.1 mg/kg, SQ) for pain preoperatively.
Protocol timeline:
After Amigo2-icreERT2+ and Amigo2-icreERT2- adult mice were infused with Gq or Gicoupled DREADD AAV, the animals recovered from surgery for 2 weeks. The mice were given
daily treatments of tamoxifen (100 mg/kg, IP) for 7 days. One week after the last tamoxifen
injection, the mice were administered the DREADD ligand (“designer drug”) clozapine N-oxide
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(CNO) subcutaneously (1 mg/kg for Gq DREADD infused mice and 5 mg/kg for Gi DREADD
infused mice) twice daily (at 10:00 AM and 2:00 PM) for four days. On the fifth day, mice
received one CNO treatment (at 10:00 AM) and were perfused for histology 2 hr later.
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Figure 10- Method 4.1
Methods Figure 4.1:
a) Histology of the CA2 marker PCP4 (green) was used to demarcate CA2 SP and SR regions. b)
b) The DG ROI was created using a reference atlas, where DG is highlighted in purpose (Allen
Brain Instittue, Seattle, WA). Below:
c, d) Example images of WFA fluorescnet staining (white) with ROIs for CA2 SP or SR
contoured in red ( c), and DG and overlying primary somatosensory cortex (d).
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Aim3: Selective degradation of PNNs in CA2 in vivo with a Cre-dependent AAV; a pilot
study
Generation of AAV-ChABC
To degrade PNNs with cell-type selectively, I sought to create a Cre-dependent AAV that
encodes the PNN-degrading enzyme ChABC. AAV and lentiviral vectors encoding a modified
ChABC gene have previously been generated, and infusion into the mouse brain has previously
been shown to successfully degrade PNNs around the injection site 384, 385. These viruses for
expressing ChABC were not cell-type specific and PNN degradation was widespread around the
injection site. They also lacked a tag or reporter to validate expression localization.
Chondroitinase gene:
For the ChABC gene insert, we used the synthetic chondroitinase gene sequence ‘Y1330’
that was published in lentiviral-ChABC studies 385 and originally optimized for enzymatic
secretion from mammalian cells in vitro and in tissue culture 386. The ChABC sequence
containing a P2A processing sequence at its 3’ end (Methods Fig. 4.1) was cloned into vector
pUC57 at the Xba I site (GenScript, Piscataway, NJ).
AAV vector:
A shuttle plasmid containing a double floxed mCherry under the control of human
synapsin promoter was used for the viral vector backbone, pAAV-hSyn-DIO-mCherry (courtesy
of the Bryan Roth lab at the University of North Carolina Chapel Hill, also commercially
available at Addgene, plasmid #50459-AAV5). The ChABC cDNA and P2A sequence were
subcloned into the AAV shuttle vector as an Xba I restriction fragment and verified for correct
orientation by PCR. DNA sequencing was carried out to assure fidelity of the shuttle plasmid
with the original sequence of the vector and insert. AAV particles were generated by
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cotransfection of HEK 293 cells with the ChABC shuttle vector, a helper plasmid and capsid
encoding plasmid according to a system originally purchased from Agilent Technologies (AAV
Helper-Free System Catalog #240071). Viral particles were harvested from HEK 293 cells,
purified and concentrated by ultracentrifugation, and the viral pellet was resuspended in 1x
PBS/5% glycerol and stored in aliquots at -80 ̊C at a titer of 4.16E13 GC (genome copies)/ml
(Methods Fig. 4.2).
Virus infusion and tamoxifen treatment:
To express ChABC selectively in CA2 pyramidal neurons, I injected the ChABC-AAV
into the left hippocampus of mice expressing Cre in only CA2 neurons, Amigo2-iCreERT2+
mice (See Aim 2). Saline was injected into the right hemisphere for a within-subject control. To
prepare mice for the virus infusion, mice were anesthetized with ketamine (100 mg/kg, IP) and
xylazine (7 mg/kg, IP) and placed in a stereotaxic apparatus. An incision was made in the scalp
and a hole was drilled over the hippocampal target region for AAV infusion, adjacent to CA2. A
27-gauge cannula connected to a Hamilton syringe was lowered into the hippocampus (in mm: 2.3 AP, +/-2.5 ML, -1.9mm DV from Bregma). The AAV was infused unilaterally at a rate of 0.1
µl/min for a total of 0.5 µl. Saline was infused with the same parameters into the right
hemisphere as a control comparison within mouse. The cannula was then left in place for an
additional 10 minutes before removing, at which point the scalp was sutured and animals were
returned to their cages, singly housed. Mice were administered buprenorphine (0.1 mg/kg, SQ)
for pain preoperatively.
After the virus infusion surgery, mice recovered from surgery for 2 weeks. Mice were
then administered tamoxifen for either 1 or 3 days (100 mg/kg, IP) to induce recombination. Two
animals per group were used or a preliminary qualitative analysis of ChABC-AAV expression
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and PNN degradation. This dosing was based on findings from an earlier pilot study in which we
found that 7 days of tamoxifen treatment resulted in a diffuse loss of PNNs that reached
extrahippocampal regions. Mice were perfused two weeks after the last tamoxifen injection, and
tissue was stained for the PNN-labeling lectin, WFA, and a CA2 marker, anti-PCP4 antibody.
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Figure 11- Method 4.2
Method Figure 4.2: ChABC cDNA sequence
Synthetic ChABC cDNA sequence, 3162 base pairs, containing Xba I restriction sties, KOZAK
sequence to initiate translation, and P2A sequences to cleave ChABC from mCherry.
Key
XbaI
P2A
Chondroitinase (ChABC)
KOZAK
tctagaTGGGCCAGGATTCTCCTCGACGTCACCGCATGTTAGCAGACTTCCTCTGCCCTC
TCCACTGCCaggcagaggggataacttaatctcctgatgccgaaataggaggtgaaggtgagctcagtgttatccccgcttacctga
tacttcacttcgctgttcttatcagcgctctgccacttcccattaatggtgacgttgattgtgacaggggtagcagctttctgccgggtcatgttca
aatctggtgtaactgcagacacgatcaaggtatccttttggcgatgtgtcatcacaattgctggcttattcacctttttgatccacttatcctcgata
gaagctggctggtaaaaggcgtatcctgtaacgtttgagagcttgtcgagtataatgtgcacgtccttatctttgcggagcacctgatacaacc
cgttgttttctctgaacttctgggccatttctcccattttctcgggagtagcatccaggaacaccatgtattcgtagctggcatctttcggtcttgtg
ctatggtctatccatgctgatgaaaagttcccttctgtaggttgcctgttcttgttttctgctgaaacctgatgttggcgactgacgtttaccttctcg
gcttgcgtgattaggtagccattcccgttactgtcgattaaccaatccccctgttgcagagtcgtctggtagggcatattttcaatcttctgcccat
taatccacagtgtattcaaggtgggcgtaatggcatgctgaaacaaggtagtttccacatttttgttcttatcactagaattgatgttagacccaat
aaagataaggtggttgtcggcggcgagaacgctcttctttgcggtgaagttggggtcaaatctctcaagattcgctggatagatcaggtcgaa
tgccatcatgccatactgcccttctaagcttgaagtgccggagaaacccctctcgcccctctgcatcagtgtatgcggttttgggctatccaga
tccttcaagggaaggtgtatagtcgtggccccctgcatccggttccaatcccagccttcctgttggtatccctggctaagctgggaaccttggc
tgactatctgggccactccgtgactctggtagcgaccatacctattgtctttgttgtagatctcgctagaccacacattagtattgtaggccttga
gtgtgaccatcttgtcctgccacctgtgtatgccaaaagcaccaccgttaaaggcatagaatccttgaggcagggatgctggcgtaatagtct
ctccaaagatggcggtactctcattctgggtcttgtcgcttatggcaagatagatggaagctaaagtcttatcgggagaggatttcgctgacat
agctagccaatagtagccctgagccacgcttttcagagatgggctgttaaagggatgacggccggccaaaggtaagcccacttccggattg
ctgtaaatccaagcggaaaccatagcttttttcagattattccatccactttcgcccactgaaaacggggtatcccgcagtaaataaatcaactg
ggcagcattcttgaaagcgggaaatgagtacccgggatagttgccctcatggcgccaagcagttccatcgggtctgagcccgtcttttccgc
ctgggggaacttgagtaagtgcaccggtgatatagtgagaaaaggtgttcactaggttaatgcgcttttggtcgtctggctctaggagcagca
gagccaggtgctgtctggacaacgtattgaaatagtccagatcgctggaatctgcagataccttcatgtcgaaggaactcttgaactccctact
ataccacagcagggaatcatagacctgggtctgcagatttgcctccttcagggcatctgacatgagcaatgtggagatgtaccaccatcggg
atgagtatccccagtggtgtgtagtaaccagagcagagcccttgacgaacccctggtcgagcagatgttttgtcatcagcaggtacatctgttt
cagctgggctttctgcgtaggatctttctcgagcacgtaagctcgggaaatttggaacatcagtgtagtgtactgtcccaaaatcacgtagttgt
cgaacagctgtttgtcctgggaattgaggttttctggttggtagatgatgatttgcttatcggtaatgaggtgtcgcccctgagttccgccattgg
ctaaagtgtgtatgttaagtgcatcaaagtcggatttcagcttagagatcttctcctcgagggcaagattcgtctctttttctccacccacaaactc
gttgatgagcctttgccgaatgaggtcgatcgcggccaggttctctggtgtaacgggcagttgaggcttcacgttgtgaaactggatttctgg
ctcagatagccgtgtcttcacctgatagtcagaccactggtatcgggcgtcatcgacgctaaacattatgcggtcaatatagatctcgccctga
gagacattactgggagctttgaaccgtatgctatccacttttgctcccagactcctgccaatagagtcctgtgtaccgtcgctgctggtgttggt\
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agcgttgagggtcatctctctattttccaggtcattgttcagagagacgcctacggctctccatcctgtgaagtcaagcttcactttaaagcccg
cttgtgcttcggaggttgaaatcagcttctccccaaaatcgattgtcaggtaaccgtcgataggtttctcgttatagagccagaaggaaaacac
cggtgtgctacttctgccccacgctttgctggcctctttatcggtaggtacaatcagtttcttgtgcagggtgaaactagaaccccctttccactt
ccaaagaaggctctgattgcccatgattgaccgcttgtcggacagagtcaagatgctattcttatcactgctgaagtctgcgagaggattattct
gggcgaaatggtagatttcgctctgcatcaggtttttggggtcgaaggcgggattactagttgccgctatggcacgaccaagtagacagcac
agaacgcaaaggacccgcaaagggcctgctagggctccccacgctacacgggcttccatggtggcggctctaga
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Figure 12- Method 4.3
Method Figure 4.3: Cre-dependent AAV-ChABC construct
A shuttle plasmid containing a double floxed mCherry under the control of human synapsin
promoter was used for viral vector backbone, pAAV-hSyn-DIO-mCherry.
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RESULTS
Aim 1: PNN regulation in a temporal lobe epilepsy (TLE) mouse mode.
Spontaneous electrographic seizures were detected in vivo in the hippocampus of a Kv1.1null mouse.
Prior to characterizing PNNs in our TLE mouse model, we examined electrographic
seizure activity recorded from the hippocampus of an adult Kv1.1-null mouse and compared our
findings to previously reported electroencephalographic (EEG) data recorded from this mouse
strain 368. We measured local field potential (LFP) data by placing a wire-bundle electrode in
area CA3 of a Kv1.1-null mouse (age P40). We recorded hippocampal LFP data for one hour
while the mouse was awake and behaving. We observed three episodes of ictal activity (Fig.
4.1a) from the LFP recordings, interspersed between long periods (15 minutes) of non-ictal
activity (Fig. 4.1b). Each episode of spontaneous ictal activity lasted approximately 25-30
seconds and was characterized by sudden onset of large amplitude population spikes, polyspikes
and burst activity patterns that reversed in polarity and terminated in post-ictal depression 350.
Our observations of three electrographic seizures over the course of a one-hour recording session
suggests that at the age of P40, Kv1.1-null mice may have spontaneous seizures approximately
every 15-20 minutes. This frequency of seizure activity is consistent with EEG findings from the
first Kv1.1-null mutant mouse characterization study 368.
PNNs are altered in the hippocampus in a developmental mouse model of TLE, Kv1.1
mouse
Kv1.1-null mice develop seizures around 21 days old and have spontaneous recurrent
seizures into adulthood. Staining for PNN marker WFA is altered in the hippocampus of Kv1.1null mutant at P60 compared to WT littermates but not at age P28 (Fig. 4.2a). WFA staining is
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significantly decreased in area CA2 (compared to WT littermates, *P < 0.05, Bonferroni post hoc
test for pairwise comparison after two-way ANOVA, Fig. 4.2b) and is robustly increased in DG
of P45-60 Kv1.1-null compared to control (***P= 0.0002, Bonferroni post hoc test for pairwise
comparison after two-way ANOVA, Fig 4.2b). Upon closer inspection, the PNN effect is even
more robust if data points are separated by ages P45 and P56-60 (.***P= <0.0001, *P= 0.033,
Bonferroni post hoc test for pairwise comparison after two-way ANOVA, Fig 4.3). CA2 SP, SR
and DG regions of interest (ROI) are outlined in Methods Fig. 4.1.
Molecular indicators of TLE pathology
I next characterized TLE pathology in the Kv1.1 mouse model compared to WT
littermate by staining for TLE-associated proteins at P60. Endogenous matrix metalloproteinases
(MMPs) are modulated by seizure in human and rodent 163, 164, 333, 334, 361, 387. MMP-9 protein is
increased in young and adult human epilepsy patients, specifically in sclerotic hippocampi 388. I
observe a similar increase in MMP-14 protein levels in the hippocampus, specifically in CA1
and CA2 SP layers (Fig. 4.4a). Mossy fiber sprouting is a classic pathology in the hippocampus
of TLE patients 350, 358, 389. Mossy fibers, labeled with an antibody against zinc transporter 3
(ZNT3), indeed appear increased in surface area in SR region of CA2/ 3 and also in the hilus of
the Kv1.1-null mouse compared to WT littermate. Finally, neuronal loss in the TLE
hippocampus is another common histopathology (hippocampal sclerosis), where cell death is
typically observed in CA1/ 3 and the hilus cells of DG 193, 366. CA2 neurons are typically resistant
to seizure-induced cell death 191, 194, 366. To stain for cell death and degenerating neurons, we used
the proprietary ‘NeuroSilver’ kit (FD Neurotechnologies). Neurons positive for silver stain
indicate cell death or degeneration. Only CA1 neurons in the Kv1.1-null hippocampus were
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labeled silver (Fig. 4.4c). No other neurons in the Kv1.1-null mouse or WT littermate show
indication of cell death at P60 (Fig. 4.4c).
PNNs appear unaltered in adult WT hippocampus after an acute MECS-induced seizure
I sought to compare the modulation of PNNs in our TLE mouse model (long-term
recurrent seizures) to an acute seizure mouse model, a single maximal electroconvulsive shock
(MECS)-induced seizure. Note: only mice that exhibited full tonic/ clonic seizure behavior were
included. I observed no difference in PNNs in area CA2 or DG in adult MECS hippocampus 18hours after seizure (Fig. 5a), unlike our adult Kv1.1-null mouse (Fig. 4.1a,b). Furthermore, we
probed for transcripts of the immediate early gene arc and the major PNN-component aggrecan
1-hour after acute seizure. Arc expression reflects regions of increased neuronal activity and
aggrecan synthesis in activity-dependent 114, 390. As expected, arc mRNA is increased in DG
neurons 1-hour post seizure (Fib. 4.5b). Transcripts for aggrecan appear increased in DG
neurons and weakly attenuated in CA2 (Fig. 4.5b). Although PNNs appear unaltered 18-hours
post seizure, the transcript data would suggest that PNNs may be modulated immediately after a
single seizure, perhaps on an undetectable protein level. These data give insight into how PNNs
may be temporally regulated after a single seizure, versus long-term recurrent seizures exhibited
in TLE.
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Figure 13- 4.1
Figure 4.1: Spontaneous electrographic seizures were detected in vivo in the hippocampus of a
Kv1.1-null mouse.
Electrographic seizure activity was detected by LFP recordings from hippocampal area CA3
during a one-hour recording session in a P40 Kv1.1-null male mouse. Three episodes of ictal
activity were identified, each lasting 25-30 seconds and followed by non-ictal activity for
approximately 15-20 minutes. Traces represent LFP data recorded from a wire-bundle electrode
(scale bar indicates time on the x-axis (seconds) and voltage on the y-axis (mV)) (a).
Electrographic seizure activity was characterized by large amplitude population spikes,
polyspikes and burst activity patterns that reversed in polarity and terminated in post-ictal
depression 350. A period of non-ictal activity during the same recording session is shown for
comparison (b).
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Figure 14- 4.2
Figure 4.2: PNNs are altered in the hippocampus in a developmental mouse model of TLE,
Kv1.1 mouse.
a) Staining for PNN marker WFA (green) is altered in the hippocampus of Kv1.1-null mutant at
P60 compared to WT littermates but not at P28. CA2 pyramidal neurons are identified with the
CA2-marker PCP4 (red).
b) Normalized WFA fluorescence intensity was decreased at P45-60 in CA2 SP (N=4, 4, 3, and 5
for ages P14, 22, P28 and 45 respectively, per group), compared to WT littermates, *P < 0.05,
Bonferroni post hoc test for pairwise comparison after two-way ANOVA. No significant
difference in WFA staining in CA2 SR compared to wildtypes or primary somatosensory cortex
(P > 0.05). WFA fluorescence intensity was however sinficantly increased at P45-60 in DG
compared to WT littermates, ***P= 0.0002, Bonferroni post hoc test for pairwise comparison
after two-way ANOVA. Indicated is the mean ± SEM normalized to P45 WT group.
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Figure 15- 4.3
Figure 4.3: PNNs in DG in a P56-60 Kv1.1-null are dramatically increased relative to P45
mutant.
WFA intensity in DG analyzed in Fig. 4.1 shows a large spread of WFA staining in the P45-60
group. Upon closer inspection, the P60 Kv1.1-null mice have the strongest increase in WFA
staining compared to a still significant increase at P45. ***P= <0.0001, *P= 0.033, Bonferroni
post hoc test for pairwise comparison after two-way ANOVA. Indicated is the mean ± SEM
normalized to P45 WT group.
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Figure 16- 4.4
Figure 4.4: Molecular indicators of TLE pathology
a) Immunofluorescent staining for the endogenous matrix metalloproteinase, MMP-14 (green),
appears increased in CA1 and CA3 SP regions of the Kv1.1-null mouse compared to WT
littermate.
b) Staining for mossy fibers with the antibody, anti-ZNT3 (green), reveals mossy fiber sprouting
in DG and SR of CA2/ 3 regions. Staining for ZNT3 is increased in area in CA2/ 3 SR region,
and in the the hilus. CA2 neurons are labeled with with anit-PCP4 antibody (red).
c) Hippocampal sections of a P60 Kv1.1-null mouse and WT littermate were stained with the
‘NeuroSilver’ kit to label cell death and degenerating neurons. CA1 neurons in the Kv1.1-null
were labeled with silver stain, indicating cell death and degeneration. No neurons were positive
for silver stain in the Kv1.1-null or WT.
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Figure 17- 4.5
Figure 4.5: PNNs appear unaltered in WT hippocampus after an acute MECS-induced seizure
a) PNNs in CA2 are unchanged 18 hours after an acute seizure induced by MECS treatment in an
adult WT. WFA staining (green) in CA2 or DG is not observabley different in MECS-treated
versus sham control mouse. CA2 neurons are labeled with anit-PCP4 (red).
b) Transcripts for thhe PNN-component aggrecan and the immediate early gene arc were
visualized 1 hour after an acute MECS seizure (RNAscope fluorescence in situ hybridization).
Wildtype controls represent a sham-treated mouse of the same age. Aggrecan mRNA (red) is
increased in DG and decreased in CA2 in the seizure mouse compared to sham-treated control.
Furthermore, the efficacy of the seizure was validated with an expected robust increase in arc in
DG one-hour post status.
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Aim 2: PNN regulation by chemogenetic manipulation of CA2 activity
We previously demonstrated that PNNs are regulated by experience in CA2 during early
development 295. We also found that PNNs are decreased in CA2 but increased in DG in a
developmental TLE mouse model (Fig. 4.2b). In this study, we sought to determine whether
selectively increasing activity in CA2 over several days is sufficient to change PNNs in CA2. To
do so, we used chemogenetics to either increase or decrease CA2 activity for 5 days in an adult
mouse. A Cre-dependent AAV expressing either the excitatory Gq- or inhibitory Gi-coupled
DREADD was infused into CA2 of mice expressing Cre in CA2, such that DREADDs were
selectively express in CA2 neurons (Fig. 4.6a). Cre-negative littermates were also infused with
DREADD AAVs. The localized expression of Cre and DREADDs to CA2 was validated
previously in our lab with a Cre-dependent reporter mouse and with mCherry-DREADD
histology 230. Importantly, DREADD expression is indeed only expressed in CA2 pyramidal
neurons and not in inhibitory neurons; mCherry was not observed in GAD+ neurons.
Mice expressing Gq- and Gi-coupled DREADDs were treated with CNO twice a day for
5 days. Gq/ Gi DREADD activation by CNO has been previously reported to have lasting effects
for up to 6-10 hr post administration 230, 373, 374. I then analyzed regulation of PNNs by
quantifying staining intensity of the lectin WFA in the Cre+ Gq and Gi DREADD mice
compared to Cre- control animals. I found that PNNs appeared to be increased in CA2 of the Gi
DREADD-expressing animals and decreased in the Gq DREADD-expressing animals compared
to controls (Fig. 4.6b). Two separate cohorts of mice were tested and data were analyzed and
grouped together.
Quantification of WFA florescence intensity revealed that WFA staining intensity was
significantly increased in CA2 of Gi DREADD-expressing animals compared to Cre- control
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animals (*P= 0.015, one-way ANOVA, multiple comparisons, Tukey post-hoc, Fig. 4.7a). WFA
staining in CA2 of Gq Cre+ mice showed a downward trend compared to Gq Cre- controls but
was not significant by multiple comparisons, (P< 0.0.5, one-way ANOVA, multiple
comparisons, Tukey post-hoc, Fig. 4.7a). Direct comparison of Cre+ Gq-DREADD expressing
mice with Cre- mice infused with Gq DREADD revealed a significant decrease in WFA intensity
among Cre+ mice P=0.0111; two-tailed t-test). Note: when Gq Cre+ mice were compared to Gq
Cre- controls with an unpaired, two-tailed t-test, Gq DREADD Cre+ animals are significantly
decreased compared to Cre- controls in CA2 (*P= 0.0111). We also measured WFA expressing
in inhibitory neurons in CA1 and CA3. We found that PNN expressing in these neurons was not
significantly changed in Gi DREADD or Gq DREADD expressing mice (P > 0.05, one-way
ANOVA, Tukey’s post hoc test for pairwise comparison, Fig. 4.7b, c). Finally, I quantified WFA
staining intensity in the cortical region overlying CA2, primary somatosensory cortex, to assess
effects of modifying CA2 activity on an extrahippocampal brain region. Animals expressing Gi
DREADD had no change in WFA staining in primary somatosensory cortex compared to Crenegative controls (P=0.005, one-way ANOVA, multiple comparisons, Tukey post-hoc, Fig.
4.7d). Surprisingly, Gq DREADD mice show a significant increase in WFA staining intensity
(*P=0.0012, one-way ANOVA, multiple comparisons, Tukey post-hoc).
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Figure 18- 4.6
Figure 4.6: Gq-DREADD AAV was selectively expressed unilaterally in CA2 neurons.
a) Gq-DREADD was infused unilaterally into hippocampus (left side). Immunofluorescent
staining of whole brain sections shows mCherry-Gq DREADD only in CA2 neurons; mCherryGq DREADD (red) overlaps with the CA2 marker PCP4 (magenta).
b) Images representative of 6 animals showing WFA fluorescence intensity in the hippocampus
after 5 days of CNO treatment in Gi and Gq DREADD mice. In total, 8 Amigo2-icreERT2+ mice
infused with either Gi or Gq DREADD virus and 12 Amigo2-icreERT2- mice infused. Top row
shows WFA fluorescence in green and DREADD expression in red, bottom row shows WFA
fluorescence in white to visualize contrast.
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Figure 19- 4.7
Figure 4.7: CA2 neuronal activity negatively regulates PNN staining in adulthood
a) WFA staining in CA2 is increased in neurons expressing Gi DREADD compared to Cre- Gi
control (p= 0.015) and WFA staining in CA2 of neurons expressing Gq DREADD compared to
Cre- Gq control is trending downward (not significant, p> 0.05, Tukey’s post hoc test for
pairwise comparison). A one-way ANOVA indicated significant main effects of treatment (F(3,17)
= 10.19, P=0.0005).
b, c) WFA staining surround PNN+ neurons in CA1(b) and CA3 (c) are unchanged in Cre+ Gi
and Gq DREADD mice compared to Cre- mice (P>0.05), one-way ANOVA, Tukey’s post hoc
test for pairwise comparison.
d) WFA staining in overlying primary somatosensory cortex was unchanged in Cre+ Gi
DREADD compared to Cre- Gi (P> 0.05) but increased in Cre+ Gq compared to Cre- Gq (*P=
0.0012, one-way ANOVA, Tukey’s post hoc test for pairwise comparison). A one-way ANOVA
indicated significant main effects of treatment (F(3,17) = 10.24, P=0.0004). Indicated is the mean
± SEM.
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Aim3: Selective degradation of PNNs in CA2 in vivo with a Cre-dependent AAV; a pilot
study
To degrade PNNs selectively in area CA2, ideally only around pyramidal neurons, we
generated a Cre-dependent AAV to express the PNN-degrading enzyme ChABC with cell-type
specificity. We infused the AAV into hippocampus of CA2 inducible Cre-expressing mice,
Amigo2-iCreERT2+ mice (See Aim 2). As a pilot characterization of the expression of ChABC
with the AAV-ChABC virus, we tested two different dosing regimens of tamoxifen: 1/day for
either 1-day or 3-days. This protocol was based on findings from a previous pilot study in which
we administered 7 days of tamoxifen and observed extensive degradation of PNNs in the
hippocampus of the contralateral hemisphere (saline-injected side) and ipsilateral
extrahippocampal regions (data not shown).
Two weeks after a 1-day treatment with tamoxifen, I observed degradation of PNNs in
CA2 of the ChABC-AAV injected (left) hemisphere (Fig. 4.8a). Accordingly, WFA staining was
undetectable in the ChABC-AAV injected hippocampus but appeared to be at normal levels in
the contralateral saline-injected hemisphere (Fig. 4.8a; see also Fig. 4.8b for another example of
PNN degradation in a different mouse treated with 1-day tamoxifen). In comparison, 3 days of
tamoxifen treatment resulted in widespread loss of WFA staining in the entire AAV-injected
hippocampus, as well as in the saline injected hippocampus (Fig. 4.8c). Similar results were
observed in a second mouse treated with tamoxifen for 3 days. I also validated ChABC
expression in CA2 neurons using the mCherry reporter that is encoded in the AAV construct.
Only CA2 pyramidal neurons (labeled with the CA2 marker PCP4) were fluorescently labeled
with mCherry in the hippocampus, indicating successful expression of ChABC in CA2 neurons,
as well as CA2 specificity of expression (Fig. 4.8c). However, the effects of the ChABC
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expression (i.e. loss of WFA) spread well outside of CA2, indicating a still-too-robust
degradation of PNNs. Dosing with a lower concentration of tamoxifen will likely be required to
keep the effects of ChABC restricted to CA2.
Finally, I sought to examine an indicator of structural plasticity that may have resulted
from sustained degradation of PNNs. I chose to examine mossy fiber sprouting, which reflects
granule cell axons in the DG spreading into the inner molecular layer of the DG and is an
anatomical pathology that is consistently observed in the hippocampus of postmortem TLE
tissue, where granule cell axons in the DG spread into the inner molecular layer of the dentate
gyurs 391, 392. Mossy fiber sprouting has also been linked to ECM components, in that a sustained
loss of ECM components has been shown to permit mossy fiber sprouting 362. Here, I labeled
mossy fibers with an anti-ZNT3 antibody and examined the localization of fluorescence in CA2
and CA1. I observed mossy fiber sprouting in the SP layer of CA2 in the ChABC-AAV-injected
hemisphere but not in the vehicle-treated hemisphere, 2 weeks post-injection (Fig. 4.9). No
obvious mossy fiber sprouting was detected in DG of either hemisphere (Fig. 4.9). Taken
together, these data present a novel method to degrade PNNs in vivo and suggest that the
persistent loss of PNNs in area CA2 permits structural plasticity, including mossy fiber
sprouting.
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Figure 20- 4.8
Figure 4.8: ChABC is selectively expressed in CA2 neurons and degrades hippocampal PNNs.
a) PNNs labeled with the lectin, WFA (green), are undectable in area CA2 and in adjacent CA1
and CA3 subregions. CA2 neurons are labeled with PCP4 antibody (magenta) and ChABCexpressing neurons are labeled with the mCherry reporter encoded in the ChABC-AAV (red).
The mCherry labeling of CA2 neurons is also shown in (c ). Arrows indicate the site of injection
of the ChABC-AAV in the left hemisphere and saline vehicle in the right hemisphere.
b, c) Mice received either 1 day (b) or 3 days (c) of tamoxifen treatment to compare the efficacy
of PNN degradation in area CA2. Both 1- and 3-day treatments of tamoxifen was suffient to
degrade PNNs in CA2; staining for WFA was undetectable in CA2. However, the radius of
undetectable WFA staining from the site of injection was larger following 3 days of tamoxifen
treatment than following 1 day of treatment. Three days of tamoxifen treatment resulted in loss
of WFA staining from both the ChABC-AAV-injected hemisphere and the vehicle-injected
hemiphere. Lastly, staing for CA2 pyramidal neurons, laebled with PCP4 (green), were positive
for the mCherry reporter (red), validating that CA2 pyramidal neurons selectively express
ChABC (c).
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Figure 21- 4.9
Figure 4.9: ChABC-AAV injection in vivo results in mossy fiber sprouting into CA2 stratum
pyramidale.
Staining for mossy fibers with an anti-ZNT3 antibody (green) labels a larger area two weeks
after ChABC-injection compared to vehicle-treated hemisphere (1-day tamoxifen treatment).
Specifically, ZNT3 staining is evident in CA2 SP in the ChABC-AAV injected hemisphere
(arrows) but faint in the vehicle-treated CA2. CA2 cell soma and dentrites are labeled with anitRGS14 antibody (red) to indicate CA2/ CA3 border.
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Discussion
Temporal lobe epilepsy (TLE), the most common and refractory form of epilepsy, is
characterized by the onset of focal seizures typically early in life, arising mainly from the
hippocampus and persisting into adulthood 349, 393. Recurrent seizures are known to cause
massive synaptic reorganization in select regions of hippocampus however little is known about
the mechanism behind these changes. Recent studies suggest that these synaptic changes are
modulated by the extracellular matrix 355, 357, 394, 395. CA2 neurons are uniquely resistant to
seizure-induced cell death in the hippocampus and have a dense concentration of PNNs 193, 295,
363, 396

. I found that PNNs are reduced in CA2 after prolonged recurrent seizures in our TLE

mouse model. Moreover, I found that PNNs are attenuated in CA2 in response to 5 days of
elevated CA2 neuronal activity (chemogenetic) and unaffected in other brain regions. Lastly, I
generated a Cre-dependent AAV to deliver the PNN-degrading enzyme, chondroitinase
(ChABC), selectively to CA2 neurons and found that the AAV-ChABC was sufficient to degrade
PNNs in CA2. I also observed mossy fiber sprouting in area CA2 after PNN-degradation by both
the AAV-ChABC and in the TLE mouse model. Taken together, these data suggest that
decreased PNNs in response to elevated CA2 neuronal activity may cause an aberrant ‘opening’
of plasticity in the normally plasticity-resistant CA2 region.
CA2 neurons have been long appreciated for their resistance to seizure-induced cell
death. Studies of post-mortem hippocampal sclerosis in TLE patients consistently report severe
neuronal cell loss in areas CA1 and CA3, with CA2 being relatively unaffected 194, 396. In a rat
model of TLE, electron micrographs confirm that seizure activity damages CA1 and CA3
pyramidal cells but not CA2 367. CA2 neurons have many unique cellular properties that likely
play a role in their resistance to excitotoxic damage. For example, calcium buffering and
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extrusion are both quite robust in CA2 neurons in rodents 209. In addition, staining for
phosphorylated (i.e. active) ERK in response to seizure is substantially lower in CA2 than in
neighboring areas of the hippocampus 196. Interestingly, PNNs are thought to be neuroprotective
397

, and may therefore function as an additional mechanism by which CA2 neurons are protected

from seizure-induced damage. I examined cell death in CA2 of the Kv1.1-null mouse at P60 and,
as expected, observe indication of cell death in CA1, but not CA2. I also examined cell death in
hippocampi infused with the CA2-specific AAV-ChABC and observed apparently normal cell
survival in CA2 two weeks after infusion of the ChABC-AAV (data not shown). These data
suggest that both a partial and complete loss of PNNs in CA2 are not sufficient to cause CA2 cell
death and therefore are not consistent with the theory that PNNs are neuroprotective. In future
experiments, I propose to examine PNNs several months after the ChABC-AAV viral infusion to
determine whether long-term loss of PNNs may induce CA2 cell death. This experiment
however would not rule out possible effects of activity changes on CA2 cell survival,
considering ChABC-induced PNN degradation in the hippocampus in vivo was found to alter
hippocampal network activity 175. Overall, our findings suggest that PNNs are not functioning to
protect CA2 neurons from cell death.
PNNs are reportedly reduced in the hippocampus of adult TLE postmortem tissue and in
adult rodent seizure models 294, 354, 355 356. One mechanism to explain the seizure-induced
degradation of PNNs is the dramatic increases in endogenous proteases. Enzymes such as matrix
metalloproteinases (MMPs) function to post-translationally modify PNNs throughout the brain
and are critical for normal development and remodeling of synapses 333. Moreover, MMPs are
activity-regulated in that increased neuronal activity elevates MMP expression, in response to
both pathological activity and learning, 157, 158 165, 361, 362. We found that MMP-14 appears to be
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elevated in areas CA1 and CA2 in a P60 Kv1.1-null mouse (N of 1), consistent with other
seizure models 361. However, MMP-14 protein was not uniquely elevated in CA2 and elevated
levels around CA1 pyramidal cell somas would suggest that MMP levels are not necessarily
correlated with PNN+ neurons. To confirm PNNs are not selectively elevated in CA2, in future
experiments I propose to characterize transcripts for Mmp-9 (the MMP most strongly-implicated
in seizure and plasticity361, 398) in CA2 of the Kv1.1-null mouse using in situ hybridization
techniques described in Chapter 2. I would also stain for both the protein and enzymatic activity
of active MMP-9 using gelatin-substrate zymography techniques. If MMP-9 levels are indeed
not different in CA2, MMP-9 mRNA localization experiments would still be informative in
terms of understanding cell-autonomous regulation of PNNs by MMPs in CA2. Taken together,
these data suggest that MMPs may be at least one mechanism by which seizure-induced PNN
degradation is regulated in CA2.
An important outstanding question in the field is whether changes in the ECM are a cause
or an effect of epileptogenesis. One group found that MMP-9 levels (both protein and enzymatic
activity) are strongly increased after seizure, suggesting that PNNs are likely degraded, and
MMP-9 deficient mice are less susceptible to epileptogenesis (pentylenetetrazole (PTZ) model of
TLE) 361. If PNNs are indeed increased in the MMP-9 deficient mouse (as expected by the loss of
MMP-9), one could speculate that increased PNNs could also correlate with decreased
vulnerability to seizure. Indeed, a group recently found that degradation of PNNs with ChABC in
vivo elevated seizure susceptibility (increased myoclonic seizures in response to PTZ
administration) 356. Moreover, a PNN component knockout mouse, hyaluronan synthase 3,
display epileptiform activity in the hippocampus and are more prone to seizure 399. Although a
direct relationship between seizure susceptibility and PNN loss has yet to be identified, these
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data provide compelling evidence to further study the role of PNNs in epileptogenesis. In future
experiments, I propose to use the Cre-dependent AAV-ChABC to determine whether degrading
PNNs in CA2 of the Kv1.1-null mutant, or in a healthy mouse, may increase vulnerability to
seizure. Moreover, a critical question surrounding TLE is whether traumatic early-life brain
injury is correlated epileptogenesis later in life 349. To address this, I would conduct a
developmental study to determine whether degrading PNNs in early development (using the
ChABC-AAV) may increase vulnerability to seizure in adulthood. Taken together, these data
suggest that PNNs may play a role both the cause and effect of epilepsy and future
developmental studies are needed to determine the exact timing and degree to which aberrant
PNNs may be involved in epileptogenesis.
I also compared the Kv1.1-null TLE mouse model to an acute seizure model. One hour
after a single MECS-induced seizure, aggrecan mRNA is increased in DG but appears decreased
in CA2. ECS depolarizes nearly 100% of hippocampal pyramidal cells therefore it is a reliable
method to study how activity may affect gene and protein expression 382 {Cole, 1990 #731, 400.
Interestingly, I found that PNNs are not altered in CA2 18 hours after this same seizure protocol.
In a recent study, a decrease in aggrecan protein expression around PNN+ PV neurons in the
hippocampus was reported 48 hours to 2 months following a single seizure 243, 294. Interestingly,
they also found that the reduction in aggrecan protein precedes a decrease in aggrecan mRNA in
the hippocampus (whole hippocampal lysates), such that they found no change in aggrecan
mRNA 48 hours or one week after seizure but a significant decrease in aggrecan mRNA 2
months later 114. These data are not consistent with our finding that aggrecan mRNA is altered
immediately after seizure however this difference is likely attributable to ‘wash out’ effects from
whole hippocampal lysate analysis.
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Although seizure onset is around P21 in the Kv1.1-null mouse, we did not observe altered
PNNs (compared to wildtype) in CA2/ DG until P45. One possible factor is the degree to which
activity is pathologically altered at these different ages. Kv1.1-null seizures progress in severity
with age therefore epileptiform activity during the third postnatal week may be insufficient to
alter PNNs. Moreover, dramatic increases in excitability by the sixth week of life appear to be
sufficient to alter ECM. Our in vivo recordings indeed validate that these mice have classic
spontaneous electrographic seizures at P40. We observed three ictal episodes over one hour that
each lasted approximately 25-30 seconds, indicating that the Kv1.1-null mouse likely has
spontaneous recurrent seizures every 15-20 minutes at P40. Note: A previous Kv1.1-null
characterization study reported that ictal EEG patters in the cerebral cortex were observed in the
absence of apparent seizure behavior 368. In future experiments, recordings of hippocampal
activity in the developing brain before seizure-onset would provide valuable insight into whether
pathological activity in TLE may precede seizure initiation. Using methods outlined in Aim 1 of
this chapter, I propose to measure LFPs in P14-21 hippocampi to identify possible aberrant
activity. Because we found that PNNs are unchanged after the onset of seizure (P21) in the
Kv1.1-null mouse, I conclude that either the degree of pathological activity is insufficient to alter
PNNs or alternatively, that PNNs are differently regulated by pathological activity in early
development, as was previously discussed (Chapter 3).
As an alternative approach, electrophysiological manipulation of activity in acute
hippocampal slices could provide valuable insight into the development and mechanism of
pathological activity in Kv1.1-null mice. CA3 pyramidal neurons in the Kv1.1-null mouse were
previously reported to produce a late burst discharge in response to mossy fiber stimulation 368.
Intrinsic cellular properties, such as resting membrane potential, input resistance, and action
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potential amplitude, were unchanged 368. The generation of epileptiform activity, or ictogenesis,
has been proposed to arise from aberrant synchronous activity in CA3, subsequently spreading to
other subregions, causing over-synchronous activity of hippocampal pyramidal cell networks 401,
402 403

. In future experiments, I propose to study CA2 intrinsic and synaptic properties in the

Kv1.1-null mouse over development to determine whether CA2 neurons may only be abnormal
at P45 when PNNs are attenuated.
To better understand whether loss of CA2 PNNs in a TLE mouse model is an effect of
global changes in hippocampal activity, or is rather a cell-autonomous effect, we directly
manipulated CA2 activity. We show that PNNs are altered in area CA2 in both hM3Dq/ hM4Diexpressing mice after 5 days of twice daily CNO treatment, but that PNNs in CA1 are unaltered,
suggesting that targeted manipulation of PNNs in CA2 is sufficient to inversely regulate PNNs in
CA2. In future experiments, I propose to test how the age, duration and degree of activity
changes in CA2 affect PNN expression in the brain. For example, the duration of changes in
CA2 activity can be tested by treating mice with CNO for different lengths of time. Moreover,
DREADD-induced voltage changes are CNO dose dependent 230, 374, therefore the degree of
activity, although subtle, could be manipulated by altering the dose of CNO. Overall, these future
experiments would provide insight into how age, duration and degree of activity changes may
differently regulate PNNs and, ultimately, may reveal whether aberrant PNNs are a causative
mechanism underlying neurodevelopmental disorders such as TLE.
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CHAPTER V – CONCLUSION
Summary of Conclusions:
▪

PNN in area CA2 function as at least one negative regulator of plasticity in hippocampal
CA2 neurons (P14-18 mice).

▪

LTP is inducible at CA2 SR synapses at an age prior to PNN maturation (P8-11 mice),
identifying a novel window of plasticity in CA2.

▪

In a mouse model of Rett syndrome, PNNs are aberrantly increased and develop
prematurely in CA2 during postnatal development.

▪

LTP is prematurely restricted in CA2 of a Rett mouse model and degradation of PNNs in
acute hippocampal slices reinstates LTP in Rett CA2 neurons (P8-11 mice).

▪

Pathological and chemogenetic increases in CA2 neuronal activity appears to
downregulate PNN expression in adult CA2.

▪

CA2-targeted degradation of PNNs in vivo permits structural plasticity in area CA2.

Future Directions:
I describe a function for PNNs in restricting plasticity in a population of excitatory pyramidal
neurons. Moreover, I discovered a novel window of early plasticity at CA2 SR synapses in P8-11
mice, an age before PNNs are detectable in CA2. Because PNN degradation with the enzyme
ChABC reinstates LTP in CA2 at P8-11, I postulate that the maturation of PNNs functions to, at
least in part, close an unknown window of plasticity in CA2. These data are consistent with
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previous studies that identify PNNs as a molecular brake on several other windows of plasticity
in the brain 113, 114, 116. The exact behavioral function of area CA2 is not clear, however recent
studies find a role for CA2 in social memory and behavior 205, 224, 227-230. Moreover, a critical
window of learning in the hippocampus has yet to be identified, however one specific form of
hippocampal-dependent memory that is developmentally regulated is contextual fear learning 73,
233-237

. Fear learning is clinically relevant because childhood trauma has detrimental effects on

adult mental health 23. Understanding the molecular mechanism underlying this potential
hippocampal critical period, such as PNNs in CA2, could potentially unveil a therapeutic
window of intervention. Moreover, based on findings in this study, developmental regulation of
PNNs in area CA2 may represent a therapeutic target for neurodevelopmental disorders, such as
TLE and Rett syndrome 264, 265, 349, 350.
A recent focus in the ECM field has been on PNN sulfation patterns, which appear to
shift during postnatal development. CSPGs are known to be a class of molecules that are both
inhibitory or permissive, depending on their biochemical properties 132, 404.The ratio of carbon 4sulfated (4S) to 6-sulfated (6S) CSPGs increases in development 405, such that 4S is more
prevalent in the PNN matrix in adult rodents while 6S is more strongly expressed in early
development. One study found that the transgenic overexpression of 6S in adulthood (decreasing
the 4S/ 6S ratio) extended the window of ocular dominance plasticity 405, implicating 6S as an
important component of critical period plasticity in the visual cortex. In the future, I propose to
characterize the 4S/ 6S ratio in area CA2 to validate a possible window of plasticity. I would
predict the 4S/ 6S ratio is low at P8-11 but high by P14-18 in mouse, tracking the closing
plasticity in CA2. I would also propose to examine how this ratio may be altered in
neurodevelopmental disorders such as Rett syndrome.
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As another area of study, I propose to determine whether PNNs in CA2 are distinctly
associated with excitatory or inhibitory terminals in CA2 SR. PNNs are enriched along the
membrane of CA2 neuron cell bodies and perisynaptically around dendritic spines according to
electron micrograph data presented in this study. Interestingly, one study found the PNN marker,
WFA, frequently localizes with inhibitory neuron terminal staining, Kv3.1b (voltage-gated
potassium channel subunit), in cortical layer V 406. Using similar methods, I propose to
determine whether the PNN-associated terminals along CA2 soma and proximal dendrites are
similarly inhibitory, or alternatively excitatory. To determine whether synaptic terminals in CA2
SR are inhibitory or excitatory, I propose to use EM and double-labeling of the PNN marker
WFA using the antibody against Kv3.1b and the antibody against VGLUT1 (a vesicular
glutamate transporter marking excitatory terminals). I would use peroxidase methods and silverintensified streptavidin-gold particles (demonstrated in Chapter 2) such that I can distinguish the
pattern of WFA-immunogold particles from KV 3.1b or VGLUT1 staining in adult CA2. Unlike
cortical layer V, I predict that PNNs will be associated with excitatory terminals based on my
findings that suggests PNNs function to regulate excitatory plasticity in CA2.
Degrading PNNs with ChABC is a reliable therapeutic approach in spinal cord injury,
allowing axon regeneration at the site of injury 378. However, whether PNNs degradation
could serve as a viable therapeutic target in the brain is unclear. Several studies found a
correlation between cell survival and PNN+ neurons in a normal brain and in Alzheimer’s
disease 141, 258. My data would suggest that PNNs are not playing a neuroprotective role in
area CA2 in both a normal mouse brain and in a TLE mouse model. The modulation of PNNs
is complicated; they are both overexpressed and ‘under-expressed’ in several neurological
diseases other than Rett syndrome and TLE, eg. schizophrenia, bipolar, prion disease, and
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Creutzfeldt-Jakob disease 265, 327, 407. It is unclear whether alterations in PNNs precedes or
follows the onset of disease; however, my findings (PNNs are not altered in the TLE mouse
model until two weeks after seizure-onset) would make a case for the latter. In the case of the
Rett model mouse, my data show that PNNs are aberrant prior to the onset of symptomology
such as behavioral seizures 269 270. One hypothesis to explain these discrepancies is that the
role of PNNs in CA2 is multi-functional, in that their presence is neuroprotective but their
degradation may also be critical in recovery from injury.
Overall, the findings presented in this thesis demonstrate a critical role for PNNs in
restricting LTP at CA2 synapses. We also identify an undefined window of plasticity in area
CA2. The behavioral function of this critical period is unclear. Because CA2 appears to regulate
social memory 205, 224, 227-230, this early critical window of plasticity in postnatal may be critical
for early social learning. Social deficits are prevalent in many neurodevelopmental disorders,
such as in Rett syndrome, where girls display a loss of social interaction and communication 408.
Mouse models of Rett also display sociability impairments 409. Area CA2 may serve as an
integral region for studying mechanisms behind social learning deficits during early development
in the Rett brain. Overall, the experience-dependent development of PNNs in CA2 is highly
suggestive of an unknown critical period of plasticity in the hippocampus and may ultimately
reveal a mechanism behind the severe hippocampal-dependent learning impairments that emerge
in many neurodevelopmental disorders such as TLE and Rett syndrome infants 393 269.
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