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Abstract

Recent evidence indicates that the mature neocortex retains a higher degree of plasticity 

than  traditionally  assumed.  Up-  and  down-regulation  of  synaptic  strength,  long-term 

potentiation  (LTP)  and  long-term  depression  (LTD),  is  thought  to  be  the  primary 

mechanism mediating experience-dependent plasticity of cortical networks. The present 

thesis investigate factors that  regulate adult cortical plasticity,  focusing on the role of 

neuromodulators,  recent  sensory experience,  and different  anatomical  divisions  of  the 

cortex  in  influencing  synaptic  strength.  First,  I  investigated  the  role  of  the 

neuromodulator  histamine  in  gating  plasticity  in  the  primary  visual  cortex  (V1)  of 

urethane  anesthetized  adult  rats.  Histamine  applied  locally  in  V1  produced  an 

enhancement of LTP elicited by theta burst stimulation (TBS) of dorsal lateral geniculate 

nucleus (dLGN) and allowed a sub-threshold TBS to produce stable LTP. Second, the 

impact of visual deprivation on LTP in V1 was assessed. Animals that received 2 and 5 hr 

dark exposure showed greater  potentiation of field  potentials  when stimulated though 

retinal light flashes or weak TBS of the dLGN, which failed to induce LTP in control 

animals kept in continuous light. Third, I performed a detailed characterization of LTP 

induced  by  different  TBS  protocols,  recording  in  either  the  monocular  or  binocular 

segment of both V1 hemispheres (i.e., ipsi- and contralateral to the stimulated dLGN). 

Stronger,  NMDA  receptor-independent  LTP  was  found  in  the  contralateral  V1. 

Interestingly,  weak  TBS  induced  LTD  that  was  NMDA receptor-dependent  in  the 

ipsilateral  V1.  Furthermore,  a  lower  LTP  induction  threshold  was  observed  in  the 

binocular than the monocular segment of ipsilateral V1. Lastly, I investigated cholinergic 

modulation of sensory-induced activity in the barrel cortex. Basal forebrain stimulation 

enhanced  multi-unit  activity  elicited  by  whisker  deflection,  an  effect  that  was  more 

pronounced for weaker response driven by a secondary whisker than principal whisker 

deflection. 

This thesis demonstrates that neocortical plasticity consists of multiple forms of 

synaptic modification. Adult cortical plasticity is greatly influenced by preceding activity 

of  the  synapse  by  various  neuromodulator  systems,  and  by  anatomical  subdivisions 
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within  primary  sensory  cortex  fields.  Together,  these  mechanisms  may  facilitate  the 

detection, amplification, and storage of inputs to primary sensory fields of the neocortex.
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Chapter 1

General Introduction

1.1. Long-term Potentiation

Information  from the  environment  is  constantly  being  transmitted  to  our  central 

nervous system (CNS) through various sensory organs. It is generally acknowledged that 

the cerebral neocortex is the final locus that encodes information in the form of synaptic 

modifications.  Neurons  in  the  mammalian  neocortex  have  the  ability  to  alter  their 

connectivity  and  responses  according  to  different  levels  of  input  activity,  especially 

during  the  early  postnatal  period  (Wiesel  &  Hubel,  1963).  The  strengthening  and 

weakening of synaptic connections have been proposed as the primary mechanism for 

information  encoding  in  the  CNS.  In  1973,  Bliss  and  LØmo  described  an  activity-

dependent, long-lasting enhancement of synaptic transmission in the hippocampus after 

high-frequency stimulation, now termed long-term potentiation (LTP). Certain properties 

of LTP are suggestive of its role in information encoding and storage, including the long-

lasting  nature  of  LTP,  making  it  analogous  to  long  term  memory.  Furthermore,  the 

associative and input-specific nature of LTP are also comparable to properties of memory 

encoding (Martin & Morris, 2002). Within 10s of milliseconds, activation of presynaptic 

neuron prior to postsynaptic depolarization produces up-regulation of synaptic strength, 

or LTP, while the reverse sequence (i.e., postsynaptic depolarization prior to presynaptic 
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activity) produces down-regulation of synaptic strength, or long-term depression (LTD) 

(Dan & Poo, 2006; Levy & Steward, 1979; McNaughton et al., 1978). This associative 

property  of  pre-  and  postsynaptic  activity  is  believed  to  be  the  mechanism  behind 

associative learning at the cellular level. Additionally, LTP is input-specific, such that the 

inputs  that  are  not  active  at  the  time  of  induction  are  not  potentiated  by  the  high-

frequency stimulation (White et al., 1988). Therefore, it is widely accepted that changes 

in synaptic efficacy are the underlying mechanism for learning and memory process, with 

LTP currently constituting the primary synaptic model for their investigation.  

1.2 Mechanisms of LTP Induction

 LTP induction involves various mechanisms at both the pre- and postsynaptic level. 

Glutamate  release  from  presynaptic  terminals  and  activation  of  the  postsynaptic N-

methyl-D-aspartate (NMDA) receptor were both found to play key roles in LTP induction. 

The  voltage-dependent  NMDA receptors  channel  is  normally blocked by magnesium 

(Mg2+ , Ascher & Nowak, 1988). In order to open the NMDA channels that are permeable 

to calcium (Ca2+) ions and thus, to trigger LTP induction, two events have to happen in 

close temporal proximity: the postsynaptic membrane must be adequately depolarized to 

expel Mg2+, and L-glutamate is release from the activated presynaptic terminals to bind to 

the NMDA receptor. Studies have shown that NMDA receptor antagonists prevented the 

induction of LTP (Bashir et al., 1990; Coan et al., 1987). Consistent with the associative 

model  of  LTP,  application  of  NMDA itself  readily  produced  short-term  potentiation 

(Collingridge et al., 1983), but is inadequate for producing LTP and could subsequently 
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impair LTP development (Izumi et al., 1992). Presumably, NMDA alone is insufficient to 

produce adequate postsynaptic depolarization to open NMDA receptor channels and to 

induce LTP. In addition to their critical roles in LTP induction, the NMDA receptor and 

glutamate also have significant influences in learning. The blockade of the hippocampal 

NMDA  receptors  with  the  antagonist,  DL-2-Amino-5-Phosphonovalerate,  impaired 

spatial learning, but not visual discrimination learning (Morris et al., 1986). The blockade 

of amygdala NMDA receptors also showed impaired memory for an inhibitory avoidance 

task (Liang  et al., 1992), hence confirming the involvement of the NMDA receptor in 

certain learning processes. 

The NMDA receptor contains several modulatory sites, among them the glutamate 

site, the glycine site, and the polyamine site. The NMDA receptor is one of the three 

classes  of  glutamatergic  ionotropic  receptors  and  glutamate  is  the  primary excitatory 

neurotransmitter  in  the  mammalian  CNS.  Studies  have  shown  an  up-regulation  of 

glutamate  release  in  the  hippocampus  slices  after  classical  conditioning  in  the  rat 

(McGahon,  et al.,  1996) and following LTP induction (Bliss  et al., 1987). Further, the 

magnitude of glutamate release appears to be similar in these two conditions (Richter-

Levin, et al., 1998). In addition, the glycine and polyamine site on the NMDA receptor 

also  seem  capable  of  regulating  NMDA  receptor-mediated  responses.  Gamma-

aminobutyric  acid  (GABA)  and  glycine  are  the  major  fast  acting  inhibitory 

neurotransmitters in the CNS. However, glycine was found to act as a coagnoist for the 

activation  of  the  NMDA  receptor  (Johnson  &  Asher,  1987).  On  the  other  hand, 

polyamines can be found in virtually all cells and are engaged in cell growth, division, 
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and differentiation. Application of polyamine agonists, such as spermidine, was found to 

ameliorate  working  memory deficits  induced  by the  NMDA receptor  antagonist  MK 

801(Kishi et al., 1998), as well as facilitate the induction of LTP in the dentate gyrus of 

rats (Chida  et al., 1992). Hence, endogenous polyamines appear capable of regulating 

plasticity,  possibly via actions on specific sites of the NMDA receptors. Furthermore, 

various intracellular signaling pathways appear to play critical role at LTP induction and 

maintenance.  Several excellent reviews are available to provide a detailed overview of 

LTP induction and maintenance mechanisms, as well as its role in learning and memory 

process (Bear & Malenka, 1994; Bennett, 2000; Martin & Morris, 2002). 

1.3. Sensory Cortex Plasticity

Most  studies  of  LTP have  been  conducted  in  vitro using  the  hippocampus  slice 

preparation. Despite the potential importance of the neocortex in learning and memory, 

its  complex  neuronal  circuitry  has  posed  challenges  to  its  study,  especially  in  vivo.  

Furthermore, the cerebral neocortex, in contrast to the hippocampus, is highly resistant to 

the induction of LTP. Repeated episodes of tetanizating stimulation are often required to 

induce potentiation, instead of the single episode that is sufficient in the hippocampus 

(Trepel  &  Racine,  1998).  Neocortical  synaptic  plasticity  has  been  investigated  most 

extensively in the somatosensory, visual, and motor cortices. The difficulty to induce LTP 

in the neocortex may be related to the stronger inhibition circuitry and the much more 

intricate network of neuronal circuitry relative to that found in the hippocampus, and has 

resulted in relatively fewer studies of neocortical LTP mechanisms.
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Studies  on  sensory  cortex  plasticity  have  often  focused  on  experience-related 

cortical remapping and receptive field reorganization. For instance, training monkeys to 

use one or more of their  digits  resulted in an expansion of the somatosensory cortex 

representing those digits (Jenkins et al., 1990). The discovery of a high concentration of 

NMDA receptors in the superficial layers of the neocortex (Monaghan & Cotman, 1985) 

led to the hypothesis that the cortex can produce a form of synaptic plasticity similar to 

that found in the hippocampus. This was confirmed by Sakamoto and colleagues (1987) 

who demonstrated the presence of LTP in the motor  cortex of anesthetized cats.  The 

induction method was similar to that for hippocampal LTP, involving the combination of 

pre- and postsynaptic activation (Baranyi & Szente, 1987). 

Furthermore, Rioult-Pedotti and colleagues (1998) discovered that training animals 

in a motor reaching task can induce LTP-like potentiation of the field potentials in the 

motor  cortex  of  the  trained  hemisphere  compared  to  the  untrained  hemisphere.  In 

addition, attempts to electrically induce LTP or LTD led to significantly less LTP and 

more LTD in the trained hemisphere (Rioult-Pedotti  et al., 1998; 2000). These results 

suggest  that  learning  occurs,  at  least  in  part,  through  synaptic  strengthening  and 

weakening,  or  LTP and  LTD-like  mechanisms  in  the  neocortex.  Therefore,  synaptic 

modification  appears  to  be  one  of  the  important  mechanisms  mediating  neocortical 

plasticity resulting from behaviourally important experiences, such as remapping of the 

somatosensory and motor cortex representations, following motor learning.   
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1.4. Visual Cortex LTP

The visual cortex is probably the most intensively studied sensory cortex. Earlier 

research on primary visual cortex (V1) plasticity emphasized the development of ocular 

dominance columns during the sensitive period, which was first described by Hubel and 

Wiesel in the 1960s (Hubel & Wiesel, 1962). Monocular deprivation resulted in the loss 

of visual cortical neurons' ability to respond to the deprived eye, the non-deprived eye 

which acquired more synaptic connections due to “synaptic competition”, resulting in a 

reorganization of  the cortical  map in  the developing brain (Wiesel,  1982).  Follow-up 

studies showed that this sensitive period can be prolonged in dark-reared rats and leaves 

the brain in a more plastic,  immature state due to the lack of sensory input (Mower, 

1991). In the last decade, several studies showed that a certain degree of visual cortex 

plasticity is still present beyond this sensitivity period and into adulthood. 

Early LTP studies, using visual cortex slice preparations, could only elicit LTP in 

layers  II  and  III  by  stimulating  the  underlying  white  matter  in  the  immature  brain 

(Komatsu  et  al.,  1981;  Tsumoto & Suda,  1979).  This type of LTP usually required a 

different  stimulation  protocol  (long  tetanus)  than  those  used  in  the  hippocampus. 

Inhibition of intracortical GABA receptor (A type) was required to induce LTP in adult 

rodents (Artola & Singer, 1987; Connors et al., 1988), suggesting that  LTP is normally 

under  inhibitory regulation  in  the  mature brain.  Reliable  LTP in layer  III  elicited  by 

stimulation of layer IV using brief tetanus stimulation, as in the hippocampus, was later 

revealed  in  vitro  (Kirkwood & Bear,  1994).  Finally,  effective  LTP induction  in  adult 

animals in vivo following brief tetanus stimulation was  discovered by Heynen and Bear 
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(2001), who generated reliable, NMDA receptor-dependent LTP by stimulating the dorsal 

lateral  geniculate nucleus (dLGN) of the thalamus while recording in the V1 without 

GABA receptor blockade. 

1.5. Visual Cortex LTP and Neuromodulation 

Acetylcholine (ACh),  noradrenaline (Bröcher  et al.,1992), serotonin (Edagawa  et  

al., 1998; Kojic et al., 1997) and brain-derived neurotrophic factor (Akaneya et al., 1997) 

have all be demonstrated to be capable of modulating visual cortical plasticity. Similarly, 

geniculocortical LTP could be further enhanced when LTP induction was coupled with 

amygdala  stimulation  (Dringenberg  et  al.,  2004)  or  basal  forebrain  (BF)  stimulation 

(Dringenberg  et  al.,  2007).  This  enhancement  was  found  to  be  mediated  by  the 

cholinergic system and protein synthesis (Dringenberg et al.,  2004). On the other hand, 

little  is  known  about  the  influence  of  histamine  on  plasticity,  even  thought  the 

histaminergic system, similar to the cholinergic system, is one of the neuromodulator 

systems that regulate cortical activation in the CNS. Numerous studies have suggested 

that some of the modulatory effects of histamine in various brain regions, such as the 

hippocampus (Greene & Haas, 1990), the thalamus (McCormick & Williamson, 1991), 

and  cortex  (Valjakka  et  al.,  1996)  might  be  due  to  its  close  relationship  with  the 

cholinergic system. For instance, elevated ACh release was observed in the hippocampus 

upon the activation of histaminergic neurons (Mochizuki, et al., 1994) and in the cortex 

with histamine infusion (Cecchi et al., 1998). Furthermore, histamine is related to several 

brain disorders  associated with  other  aminergic  systems,  such  as  Parkinson’s  Disease 
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(Rinne  et  al.,  2002)  and  schizophrenia  (Nakai  et  al., 1991).  Moreover,  there  are 

evidence that the central histaminergic system is also involved in cognition and learning 

and memory (De Almeida & Izquierdo, 1986; Kamei et al., 1993; Prast  et al., 1996). 

However, there is still a lack of direct evidence for histamine's influences on neocortical 

synaptic plasticity, and the possible mechanisms behind it. 

1.6. Visual Cortex LTP and Metaplasticity

Changes  in  synaptic  strength  appear  to  have  a  limited  ceiling  and  floor  that 

determines the synaptic modification range. Evidence has shown that synapses can be bi-

directionally modified and that the induction of either LTP or LTD appears to depend, at 

least in part,  on the recent averaged activity of a given synapse, called metaplasticity 

(Abraham, 2008; Bear, 2003). In the visual system, the activity levels of synapse in V1 

can  be  manipulated  by  controlling  levels  of  visual  input.  Indeed,  Kirkwood  and 

colleagues  (1996)  demonstrated  that  continuous  (4-6  weeks)  dark  rearing  during  the 

postnatal period in rats resulted in an enhanced LTP and a diminished LTD in vitro over a 

range of stimulation frequencies, an effect that can be reversed by as little as two days of 

light  exposure. In  the  adult  animal,  Tsanov  and  Manahan-Vaughan  (2007)  recently 

demonstrated  that  12  hours  of  complete  dark  exposure  can  switch  the  direction  of 

synaptic  efficacy  changes  in  vivo.  These  studies  indicate  that  the  dynamic  level  of 

plasticity maintained in the mature visual cortex is far greater than traditionally believed. 

Thus, it is important to investigate and further study the metaplasticity in the mature V1 

and the mechanisms underlying it.   
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1.7. Objectives

In the present thesis,  I  first studied the influence of the histaminergic system on 

thalamocortical  synaptic  plasticity  of  the  adult  visual  cortex.  My objectives  were  to 

examine  whether  histamine  influences  LTP and  to  determine  optimal  time-point  and 

mechanisms of histaminergic modulation of thalamocortical plasticity. Next, I studied the 

expression  of  activity-dependent  geniculocortical  plasticity  under  the  influence  of 

sensory deprivation. The objectives were to establish a stimulation paradigm that uses 

sensory  input,  this  allowing  me  to  compare  sensory-induced  LTP with  electrically-

induced LTP in different groups of animals that experienced different levels of sensory 

deprivation. As homeostatic processes have been suggested as one of the mechanisms 

modulating metaplasticity, in the subsequent experiments, I  characterized and outlined 

the  differences  in  LTP expression  elicited  by various  LTP induction  protocols  in  the 

crossed and uncrossed visual pathways (ipsilateral vs. contralateral hemispheres) while 

recording in different visual cortex segments (monocular vs. binocular areas). Lastly, to 

verify whether some of the plasticity principles found in the visual cortex generalize to 

other cortical sensory fields, supplementary experiments examined the effect of enhanced 

endogenous  ACh  release  on  somatosensory  cortex  activity  in  response  to  different 

whisker deflections. 
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Chapter 2 

Modulatory Role of Histamine in 

Geniculo-cortical LTP 

parts published in “Histamine facilitates in vivo thalamocortical long-term potentiation in the mature 
visual cortex of anesthetized rats” by Kuo, M-C. & Dringenberg, HC. 2008 . European Journal of  
Neuroscience, Vol. 27, pp.1731-1738.

2.1. Abstract

Recent evidence indicates that the mature central visual system retains a higher degree of 

plasticity  than  traditionally  assumed.  However,  little  is  known  regarding  the 

neuromodulatory factors that influence plasticity in the adult primary visual cortex (V1). 

I investigated the role of histamine, one of the neuromodulators that densely innervate all 

neocortical fields, in modulating plasticity of V1 by examining thalamocortical long-term 

potentiation (LTP). Theta-burst stimulation of the lateral geniculate nucleus of urethane 

anesthetized rats resulted in potentiation of the field postsynaptic potential recorded in the 

superficial  layers  of  V1.  Histamine  (1  mM),  applied  locally  in  V1  by  reverse 

microdialysis, produced a clear enhancement of LTP. In addition, histamine also allowed 

a weak theta-burst induction protocol, that by itself failed to induce significant synaptic 

potentiation, to produce stable LTP. The effect of histamine to facilitate LTP was largely 

resistant to blockade of H1 [chlorpheniramine, 5 mg/kg, intraperitoneal (i.p.)] and/or H2 

receptors (cimetidine, 10 mg/kg, zolantidine, 5 mg/kg, i.p.). Application of arcaine sulfate 

salt (10 mg/kg, i.p.), a blocker of the polyamine binding site of the N-methyl-d-aspartate 
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receptor, did not antagonize the LTP amplification induced by histamine elicited by weak 

TBS. The present experiments demonstrate that cortical histaminergic activation acts to 

lower  the  induction  threshold  and  increase  the  degree  of  plasticity  in  the  mature 

thalamocortical visual system.

2.2 Introduction

It  is  now widely accepted that  changes  in  synaptic  efficacy mediate  information 

encoding in the nervous system. Long-lasting enhancement of synaptic transmission after 

high-frequency stimulation, also known as long-term potentiation (LTP), is the primary 

model  of  activity-dependent,  upregulation  in  synaptic  strength.  The  large  majority of 

studies has focued on LTP in the hippocampus. However, LTP is readily induced in both 

developing  and  mature  neocortex.  For  instance,  Heynen  and  Bear  (2001)  have 

demonstrated reliable, NMDA receptor-dependent LTP in the primary visual cortex (V1) 

by  delivering  theta  burst  stimulation  (TBS)  of  the  dorsal  lateral  geniculate  nucleus 

(dLGN) of adult, anesthetized rats. LTP in the visual cortex may play a role in processes 

of ocular dominance plasticity (Kato et al., 1991; Sawtell  et al., 2003), and possibly in 

some aspects of perceptual learning (Frenkel et al., 2006).  

The induction and maintenance of LTP at cortical synapses is strongly dependent on 

the level of various neuromodulators. Increased levels of acetylcholine, serotonin, and 

noradrenaline  have  all  been  show  to  facilitate  LTP  in  V1  (Brocher  et  al.,  1992; 

Dringenberg et al., 2007; Gu, 2003; Kojic et al., 2001; Mondaca, 2004;  Yamada et al., 

2006; but see Kim et al., 2006). Surprisingly, the histaminergic system has received little 

attention with regard to its role in regulating neuronal plasticity and LTP. Histamine is 



12
synthesized in neurons of the tuberomammillary nucleus of the posterior hypothalamus, 

which provides broad projections to most regions of the mammalian brain, including V1 

(Figure 2.1). Three subclasses of histamine receptors (H1-H3) also are widely distributed 

in  the  CNS  (Schwartz  et  al.,  1991).  Behavioural  studies  have  implicated  that  the 

histaminergic system is involved in learning and memory processes (Bacciottini  et al., 

2001; De Almeida & Hasenöhrl et al., 1999; Haas & Panula, 2003; Izquierdo 1986, 1988; 

Kamei et al., 1993), suggesting that it might play an important role in regulating synaptic 

plasticity.  In a limited number of in vitro studies, histamine has been shown to enhance 

NMDA receptor currents in hippocampus neurons (Bekkers, 1993; Vorobjev et al., 1993) 

and facilitate the induction of LTP in the hippocampal CA1 region (Brown et al., 1995). 

Recently, we showed that local infusion of histamine into V1 during LTP induction can 

further enhance geniculo-cortical LTP in anesthetized, adult rats (master's work; Kuo & 

Dringenberg,  2008).  We  chose  V1  due  to  the  dense  histaminergic  innervation  and 

receptor distribution, and data indicating that histamine influences processing along the 

thalamocortical visual pathway (Iwamura et al., 2003; McCormick & Williamson, 1991; 

Uhlrich  et  al.,  2002).  Furthermore,  we  found  that  these  histaminergic  influences  on 

geniculo-cortical LTP were largely unaffected by histamine receptor antagonists (H1 & 

H2)  but were reversed by an antagonist  of the polyamine-binding site  on the NMDA 

receptor. 

In the present investigation, the importance of the histaminergic system in regulating 

mature visual cortical plasticity was further characterized. Various neuromodulators have 

been shown to exert differential influences on LTP induction, depending on the time of 

modulator application relative to that of LTP induction. For example, early-phase LTP at 
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Figure  2.1. Sagittal  view illustrating  the  major  histaminergic  fiber  projections  in  the 
central nervous system of the rat (adapted from Schwartz et al., 1991). Abbreviations: 
AH, anterior hypothalamus; CG, central  gray;  CX, cerebral  cortex; DR, dorsal  raphe; 
Hip, hippocampus; LS, lateral septum; MD, mediodorsal thalamus; OB, olfactory bulb; 
Sol, nucleus of solitary tract; SOX, supraoptic decussaction; VDB, vertical limb of the 
diagonal band; VHM, ventral medial hypothalamus nucleus.
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perforant path-dentate gyrus synapses can be converted to late-phase LTP by electrical 

stimulation of the basolateral amygdala or medial septum at 15 min after LTP induction, 

but not at several other time points (Frey et al., 2001, 2003). This suggests the existence 

of  specific,  temporal  windows  for  neuromodulatory  LTP  reinforcement.  To  my 

knowledge, temporal windows for LTP enhancement by the histaminergic system have 

not been investigated. I hypothesize that histamine, similar to other modulators, also acts 

during  specific  time points  relative  to  LTP induction.  Furthermore,  the  histaminergic 

system  is  an  important  neuromodulator  that  regulates  behaviours  such  as  sleep  and 

arousal. It has been demonstrated that the firing rate pattern of histaminergic neurons in 

the tuberomammillary nucleus changes according to the sleep/wake cycle (Monti, 1993), 

and that the release of histamine is correlated with the circadian rhythm in freely moving 

rats (Mochizuki et al., 1992). As such, histamine may be acting as a “behavioural state-

related” gating system, much like  ACh, that can determine whether specific inputs to the 

cortex  can  elicit  changes  in  synaptic  efficacy.  This  possibility  was  investigated  by 

applying a sub-threshold LTP induction protocol. I  hypothesized that histamine would 

have a similar facilitatory effect as the cholinergic system on thalamocortical  LTP. In 

addition,  independent  groups  of  animals  received  either  histaminergic  or  polyamine 

receptor antagonist administration to further investigate the pharmacological mechanisms 

of histaminergic effect on thalamocortical LTP.

2.3. Materials and Methods

2.3.1. Animals and Surgical Preparation

Experiments were conducted on male, adult Long-Evans rats (300-500 g, Charles 
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River, Laboratories Inc., St. Constant, Québec) housed in pairs (reversed 12 hr light/dark 

cycle, lights on between 7 pm and 7 am) with food and water available  ad libitum. All 

experiments were performed in accordance with published guidelines of the Canadian 

Council  on  Animal  Care  and  approved  by  the  Queen's  University  Animal  Care 

Committee.

Animals were under deep urethane anesthesia (1.5 g/kg, i.p. administrated as 3 x 0.5 

g/kg  doses  every  20  min  and  supplemented  as  needed)  before  being  placed  in  a 

stereotaxic  apparatus.  Body  temperature  was  monitored  with  a  rectal  probe  and 

maintained  between  35-37oC  with  an  electrical  heating  blanket  throughout  the 

experiment. Coordinates for all placements were chosen based on the anatomical work of 

Paxinos & Watson (1998).  The skull  was exposed and small  skull  holes were drilled 

overlying the dLGN (AP -3.5, L -3.7, V -4.5) and the ipsilateral V1 (AP -7.5, L -3.5, V 

-1.5).  The final  ventral  placements  of  both the  dLGN stimulation (concentric  bipolar 

electrode, Rhodes Medical Instruments series, SNE-100, David Kopf, Tujunga, CA) and 

V1  recording  electrode  (125  μm diameter  Teflon-insulated  stainless  steel  wire)  were 

adjusted to yield maximum field postsynaptic potential (fPSP) amplitude and augmenting 

responses with paired-pulse stimulation (100 ms interpulse intervals). Two holes over the 

cerebellum were  used  to  secure  ground  and  reference  electrode  screws  (small  skull 

screws  connected  to  miniature  female  connectors).  The  recording  electrode  was 

connected to a microdialysis probe (Mab. 2.14.4; 2-mm active PES membrane; 35-kDA 

cut off; S.P.E. Limited, North York, Ontario,  Canada) and this  assembly was lowered 

together, with the electrode tip positioned ~1 mm above the tip of the dialysis probe. The 

dialysis probe was connected to a microsyringe (Hamilton Company, Reno, Nevada) by 
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FEP  tubing  (S.P.E.  Limited,  North  York,  Canada)  and  continuously  perfused  with 

artificial cerebrospinal fluid (aCSF; 1μl/min) by a microdialysis pump (CMA/120; CMA, 

Solna, Sweden).

2.3.2. Electrophysiology Recordings

Field potentials in V1 evoked by single pulse (0.2 ms duration) dLGN stimulation 

were recorded differentially against the cerebellar reference connection. The signal was 

amplified,  filtered (0.3 Hz-1 kHz),  digitized (10 kHz),  and stored for offline analysis 

(PowerLab/4s  system,  ADInstruments,  Toronto,  Canada).  Stimulation  pulses  were 

provided by a stimulus isolation unit that provided a constant current output (PowerLab 

system with ML 180 Stimulus Isolator, ADInstruments). For each experiment, a 30 min 

stabilization period was given after  final electrode positioning (with continuous aCSF 

application  in  V1).  Subsequently,  an  input-output  curve  (0.1-1.0  mA with  0.1  mA 

increments) was established and a stimulation intensity that yielded about 50-60% of the 

maximal fPSP amplitude was chosen for the experiment. 

2.3.3. Experimental Procedures

Initially, all rats received aCSF application in V1 and 60 fPSPs were recorded (every 

30 s)  with recordings continuing until  a stable baseline was established (between 95-

105% of the average baseline amplitude). Then, independent groups of animals received 

either aCSF containing histamine (1 mM) or aCSF only as a control  (n = 5/group) to 

obtain  baseline  recordings  with  histamine  on-board.  Following 30 min  of  continuous 

histamine or aCSF application, LTP was induced by applying a strong TBS induction 
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protocol to the different groups of animals. Strong TBS of the LGN consisted of high-

frequency bursts (5 pulses at 100 Hz/burst) repeated 10 times at 5 Hz theta cycle, with the 

10 bursts repeated a total of four times every 10 s for a total of 40 bursts. Recordings of 

fPSPs  (every  30  s)  were  continued  for  2  hr  after  TBS.  Subsequently,  in  order  to 

investigate  the  temporal  window  of  histaminergic  effects  on  LTP  development,  in 

separate animals, histamine delivery was delayed 5 min after TBS (n = 7). 

To further characterize histaminergic influences on LTP development, another set of 

experiments was conducted with independent groups of animals receiving a  weak TBS 

induction protocol. Weak TBS of the dLGN consisted of high frequency bursts (5 pulses 

at 100 Hz/burst) repeated 4 times only at 5 Hz theta cycle. Recordings of fPSPs (every 30 

s) continued for an extended 4 hr after TBS. The same 3 experimental conditions were 

conducted,  with  animals  receiving either  histamine  (n  =  7),  aCSF,  or  5  min  delayed 

histamine application after TBS (n = 6/group).

2.3.4. Antagonist Experiments

 To investigate the involvement of histamine receptors in LTP modulation, a group of 

rats  received   a  selective  H2 receptor  antagonist  (zolantidine,  5  mg/kg,  i.p.,  n  =  6) 

concurrently with the onset of histamine application. Additional groups of rats received 

pre-treatment  with  a  combination  of   H1 and  H2 receptor  antagonists  30  min  before 

histamine application (chlorpheniramine,  5  mg/kg and cimetidine,  5  mg/kg,  i.p.).  For 

these experiments rats were assigned to groups receiving either a strong (n = 6) or a weak 

(n = 7) TBS protocol. Further, the effect of an antagonist of the polyamine-binding site on 

the NMDA receptor (arcaine salt, 10 mg/kg, n = 6) was also tested to investigate the 
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possible,  direct  histaminergic action on the NMDA receptor (see Brown  et  al.,  1995; 

Vorobjev et al., 1993) under the weak TBS protocol. Recordings continued for 3 hr after 

TBS for all antagonist experiments. All histamine and drug doses were chosen based on 

published data and previous observation (Kuo & Dringenberg 2008) for effective doses 

with reverse microdialysis probe and systemic drug treatment. In cases where antagonists 

altered histaminergic facilitation of LTP, further control experiments were conducted to 

assess the effect of the antagonist alone on LTP without histamine application. 

All drugs were obtained from Sigma Chemicals (Oakville, Ont., Canada). Histamine 

was freshly mixed in aCSF (in  mM: NaCl, 124; KCl, 4.4; MgSO4, 1.2; NaH2PO4, 1; 

CaCl2, 2.5; NaHCO3, 26; glucose, 10) on the day of the experiment. Chlorpheniramine 

and zolantidine were both dissolved in physiological saline. Cimetidine was dissolved in 

dimethyl sulfoxide (99.5% GC), and arcaine salt was dissolved in a mixture of equal parts 

of dimethyl sulfoxide and physiological saline. 

2.3.5. Histology  

At the end of the experiments,  all  animals were perfused through the heart  with 

0.9%  saline  followed  by  10%  formalin.  The  brain  was  removed  and  immersed  in 

formalin  before  sectioning  (40  μm)  using  a  cryostat.  The  slices  were  mounted  onto 

microscope slides and the placements of the electrodes and dialysis probes were verified 

using standard histological techniques. Data from inaccurate placements were excluded 

from the data analyses.
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2.3.6. Data Analysis

All data are expressed as mean ± S.E.M.. The amplitude of fPSPs was measured and 

computed offline using Scope software (see above).  Amplitude was calculated as  the 

difference between the average pre-stimulation amplitude and the maximal negative peak 

of the fPSPs. Amplitude values were averaged over 10 min intervals and these averages 

were normalized by dividing them by the average baseline amplitude (first 30 min) of 

each animal.  All  data were statistically evaluated using repeated-measures analysis  of 

variance (ANOVA) and, if statistically appropriate, by simple effects tests using the CLR 

ANOVA software package (v.1.1, Clear Lake Research Inc., Houston, Texas). The level 

of significance for all statistical analyses was set at p < 0.05.

2.4. Results

 Extracellular recordings in the V1 showed that single pulse electrical stimulation of 

the dLGN evoked a large amplitude, negative fPSP that typically peaked between 14–20 

ms. Previously, we found that fPSP amplitude can be readily potentiated with strong (40 

theta cycles) TBS of the dLGN. This was successfully replicated in the present study and 

the potentiation in the presence of aCSF generally became fully developed (~115% of the 

baseline) within 20 min after TBS and lasted for at least 2 hours after TBS (Figure 2.2.). 

In the presence of aCSF containing histamine (1 mM), the same TBS protocol resulted in 

greater thalamocortical LTP (average potentiation of 148% ± 15.8 of baseline during the 

2nd hr post TBS; Fgroupxtime 14,112 = 2.237, p < 0.05; Figure 2.2.).  

I investigated  whether  the  presence  of  histamine  is  critical  at  the  time  of  LTP 

induction, or whether similar facilitatory effects can still be seen with delayed histamine 
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Figure 2.2. Amplitude of field postsynaptic potentials (fPSPs) recorded in visual cortex 
before and after strong theta burst stimulation (TBS) of the lateral geniculate nucleus in 
the presence of either artificial cerebrospinal fluid (aCSF), histamine (Hist., 1 mM, arrow 
shows start of application) or  delayed histamine (5 min after TBS) application. In the 
presence of  aCSF,  strong (40 cycle)  TBS resulted  in  significant  potentiation of  fPSP 
amplitude, an effect that was more pronounced with cortical histamine application and 
lasted for 2 hr following TBS. Delayed histamine application was largely ineffective in 
further enhancing fPSP potentiation following strong TBS. 
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application (5 min post TBS). With delayed application, there was a marked reduction of 

fPSP potentiation when compared to animals receiving continuous histamine application 

(Fgroupxtime  14,126 = 1.886, p < 0.05), and the level of potentiation is similar to the aCSF 

control animals (126% ± 9.9 of baseline during the 2nd hr after TBS, Fgroupxtime 14,126 = 0.984, 

p = 0.474; Fig. 2.2.). These data suggest that optimal, facilitatory effects are seen when 

the presence of histamine co-occurs with the time point of LTP induction. 

Subsequently, to examine whether histamine is effective in lowering the threshold 

for successful induction of thalamocortical LTP, histamine application was paired with a 

weak TBS (4 theta cycles), sub-threshold induction protocol (Dringenberg et al., 2007). 

Furthermore, the recording time was extended to 4 hr following TBS to investigate the 

long term effect of histamine on thalamocortical LTP under these conditions. For this 

induction  protocol,  animals  that  received  continuous  aCSF application  did  not  show 

significant changes in fPSP amplitude (101%  ± 9.1 of baseline during the 4th hr post 

TBS). However,  continuous histamine application (1 mM) resulted in robust LTP with 

weak TBS (128% ± 11.6 of baseline during the 4th hour post TBS, Fig.2.3.; Fgroupxtime 26,286 = 

1.723, p < 0.05 when comparing aCSF and histamine groups). Thus, histamine facilitates 

thalamocortical plasticity by lowering the LTP induction threshold. Again, it  appeared 

that, for the 4 TBS protocol, no lasting facilitation of LTP was apparent when histamine 

application  was delayed (5  min;  103% ± 16.1,  Fig.  2.3.), even  though the statistical 

analyses did not reach a significant level when comparing delayed histamine with either 

the histamine  or  the aCSF groups (p’s  >  0.2 for  both group and interaction effects). 

Therefore,  the  temporal  window  for  the  effectiveness  of  histamine  to  enhance 

thalamocortical LTP was not as pronounced for the weak LTP induction protocol.  
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Figure 2.3. Amplitude of field postsynaptic potentials (fPSPs) recorded in visual cortex 
before and after weak theta burst stimulation (TBS) of the lateral geniculate nucleus in 
the presence of either artificial cerebrospinal fluid (aCSF), histamine (Hist., 1 mM, arrow 
shows start of application) or  delayed histamine (5 min after TBS) application. In the 
presence of aCSF, weak (4 cycle) TBS produced only a small, transient (> 1 h) increase 
in  fPSP amplitude.  Cortical  histamine application allowed weak TBS to elicit  lasting 
potentiation with no signs of decay during the 4 hr recording following TBS. Delayed 
histamine  application  did  not  appear  to  be  effective  in  further  enhancing  fPSP 
potentiation following weak TBS. 
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2.4.1. Antagonist Experiments 

Initially,  a  H2 selective  antagonist,  zolantidine  (5  mg/kg  n  =  6),  was  chosen  to 

examine the role of H2 receptor in histaminergic enhancement of LTP induced by strong 

TBS (40 cycles). The use of zolantidine showed a small reduction of LTP, but the data 

were not significantly different from either the control group (aCSF), or the histamine 

experimental group (Fig 2.4., aCSF, Fgroup 1,8 = 0.813, p = 0.394, Fgroupxtime 14,112 = 0.736, p = 

0.734; histamine, Fgroup 1,8 = 0.424, p = 0.533, Fgroupxtime 14,112 = 0.568, p = 0.885). Hence, the 

involvement of H2 receptor in the histaminergic facilitatory effect on thalamocortical LTP 

was inconclusive. However, these experiments were conducted with a systemic injection 

of  the  histamine  receptor  antagonists  that  occurred  concurrently  with  the  onset  of 

histamine infusion to the brain, which led to the possibility that perhaps histamine arrived 

at the cortex earlier (microdialysis, ~ 5 min) than the antagonist (systemic, ~ 15 min). 

This would have allowed histamine to occupy receptor binding sites prior to the arrival of 

the antagonist  and thus,  produce a  lack of,  or  inconsistent  effects  of  the  H2 receptor 

antagonist.  To  resolve  this,  in  additional  experiments,  a  combination  of 

chloropheniramine  (5  mg/kg,  H1 receptor  antagonist)  and  cimetidine  (10  mg/kg,  H2 

receptor antagonist) was administered simultaneously 30 min prior to the onset of cortical 

histamine application. This was done to independent groups of rats receiving either strong 

(n = 6, 2 hr recording, Fig 2.5. top) or weak TBS (n = 7, 4 hr recording, Fig. 2.6). The 

presence of the two antagonists in both stimulation protocols did not show significant 

reduction of the LTP enhancement when compared with rats that received only histamine 

infusion (40 TBS, Fgroupxtime  14,126 = 0.496, p = 0.932; 4 TBS, Fgroupxtime  23,276 = 0.516, p = 

0.970). Therefore, it appears that H1 and H2 receptors are not critically involved in 
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Figure 2.4. Effects of the histaminergic H2 receptor antagonist, zolantidine (5mg/kg, i.p.) 
on  histamine  (Hist.,  1  mM)  induced  enhancement  of  thalamocortical  long-term 
potentiation  elicited  by strong theta  burst  stimulation  (TBS)  of  the  lateral  geniculate 
nucleus. The H2 receptor blocker did not appear to produce a reliable, significant reversal 
of  the  effect  of  histamine  to  enhance  potentiation  induced by thalamic  TBS (arrows 
indicate onset of cortical histamine application and systemic drug injection; Note that  the 
same histamine and aCSF groups are shown as in Figure 2.2).
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Figure  2.5. Effects  of  combined  histaminergic  receptor  antagonists,  H1 receptor 
antagonist  chlorpheniramine  (5mg/kg,  i.p.)  and  H2  receptor  antagonists  cimetidine 
(10mg/kg, i.p.),  on histamine (Hist.,  1 mM)- induced enhancement of thalamocortical 
long-term potentiation  elicited  by strong  theta  burst  stimulation  (TBS)  of  the  lateral 
geniculate nucleus. (Top) Treatment with H1 and  H2  receptor blocker did not appear to 
produce a reliable, significant reversal of the effect of histamine to enhance potentiation 
induced by thalamic TBS. (Bottom) Treatment with  H1 and  H2  receptor blockers alone 
(i.e.,  without  histamine)  appear  to  have  a  minor  facilitatory  effect  on  initial  LTP 
induction,  but  this  group was not  statistically different  from the aCSF group (arrows 
indicate onset of cortical histamine application and systemic drug injection; Note that the 
same histamine and aCSF groups as in Figure 2.2 are shown).
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Figure  2.6. Effects  of  combined  histaminergic  receptor  antagonists,  H1 receptor 
antagonist  chlorpheniramine  (5mg/kg,  i.p.)  and  H2  receptor  antagonists  cimetidine 
(10mg/kg, i.p.),  on histamine (Hist.,  1 mM)- induced enhancement of thalamocortical 
long-term  potentiation  elicited  by  weak  theta  burst  stimulation  (TBS)  of  the  lateral 
geniculate nucleus. Treatment with H1 and  H2 receptor blocker did not appear to produce 
a reliable, significant reversal of the effect of histamine to enhance potentiation induced 
by thalamic TBS. (arrows indicate onset of cortical histamine application and systemic 
drug  injection;  Note  that  the  same  histamine  and  aCSF groups  as  in  Figure  2.3  are 
shown).
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mediating the histaminergic facilitation of thalamocortical LTP. Furthermore, H1 and H2 

receptor  antagonists  alone  (i.e.  without  histamine  application)  did  not  seem to  affect 

regular LTP development under strong TBS condition (n = 6, Fig. 2.5. bottom; Fgroupxtime 

14,126 = 1.571, p = 0.096 when compared with aCSF group). In fact, it appears to have 

exert a transient, facilitatory (non-significant) effect on LTP induction. 

Finally, the effect of systemic injection of polyamine blocker (arcaine salt, 5 mg/kg) 

along with histamine infusion on thalamocortical plasticity was examined only under 4 

TBS condition. The antagonist appeared to block the initial enhancement of LTP (2 hr), 

but did not block the facilitatory effect over longer periods of time (n = 6, Fig. 2.7.; 

Fgroupxtime  23,230 =  1.614,  p  <  0.05  when  compared  with  aCSF group for  4  hr).  Hence, 

blockade of the polyamine binding site on the NMDA receptor appears to exert  only 

partial blockade of LTP under the weak TBS condition, an effect limited to the initial LTP 

formation. 

2.5. Discussion

The present  experiments  demonstrated  that  histamine  plays  an  important  role  in 

regulating  thalamocortical  plasticity  between  the  dLGN  and  V1  of  adult,  urethane 

anesthetized rats. Increasing levels of histamine in V1 resulted in greater LTP in response 

to a strong TBS protocol.  Furthermore,  there is  a limited time window following the 

induction of LTP during which cortical applications of histamine can influence cortical 

plasticity.  Also,  histamine  allowed  a  weak,  sub-threshold  protocol  to  induce  reliable, 

robust levels of synaptic potentiation in V1. Thus, histamine can exert dual roles in the 

modulation of synaptic plasticity by influencing the degree of potentiation, and by acting 
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Figure 2.7. The effect of a polyamine-binding site blocker, acraine salt (10 mg/kg, i.p.), 
on potentiation of field postsynaptic potential (fPSP) amplitude induced by weak theta 
burst  stimulation  with  cortical  histamine  application  (Hist.,  1  mM).  The  antagonist 
appeared to block the initial enhancement of LTP (2 hr), but did not block the facilitatory 
effect on thalamocortical synaptic potentiation over a longer period of time. (The arrows 
indicate onset of cortical histamine application and systemic drug injection; Note that the 
same histamine and aCSF groups as in Figure 2.3 are shown).
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as a gating mechanism that can effectively determine whether specific types of input to 

the cortex can elicit changes in synaptic strength. 

The effect of histamine on cellular activity in various thalamic nuclei, including the 

LGN, has been extensively characterized. For LGN relay cells, histamine switches the 

mode of cellular activity from regular, slow (1-4 Hz) bursting to prolonged, single spike 

activity, and intensifies visually-evoked responses, effects thought to enhance accurate 

sensory  transmission  in  thalamocortical  networks  (McCormick  &  Williamson,  1991; 

Uhlrich  et  al.,  2002).  This  work  suggests  that  histamine  plays  important  roles  in 

mediating  the  influence  of  attentional  and  arousal  states  on  acute,  ongoing  sensory 

transmission. 

Hippocampal  preparations  have  been  used  to  study histaminergic  modulation  of 

glutamatergic  transmission  and  LTP.  Histamine  increases  NMDA receptors-mediated 

currents in cultured or acutely isolate CA1 pyramidal neurons (Bekkers, 1993; Vorobjev 

et  al.,  1993).  Further,  Brown  and  colleagues  (1995)  found  that  bath  application  of 

histamine to CA1 slices increased the amplitude of the (non-potentiated) population spike 

in  a  dose-dependent  manner,  while  a  small  depression  of  fPSP amplitude  was  also 

observed. Recently,  we discovered that histamine can exert facilitatory effects on long-

lasting synaptic plasticity in thalamocortical systems. However, whether histamine can 

regulate the induction threshold of LTP was not investigated. 

The histaminergic facilitation of LTP observed here is consistent with previous data 

in  CA1  slices  showing  that  a  weak  induction  protocol  producing  only  transient 

potentiation (< 1hr) resulted in longer-lasting (> 2h) LTP when combined with a short 

exposure to histamine (Brown  et al.,  1995). Here, I show that weak TBS that fails to 
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produce significant potentiation was effective in eliciting LTP with no signs of decay over 

4 h when induction occurred in the presence of histamine. Interestingly, when histamine 

application was delayed for only 5 min after either weak or strong TBS protocols, its 

effect to enhance LTP was largely lost. In contrast, previous work has generally found 

wider  temporal  windows  for  LTP  amplification.  For  example,  early-phase  LTP  at 

perforant path-dentate gyrus synapses can be converted to late-phase LTP by electrical 

stimulation of the basolateral amygdala or medial septum 15 min after LTP induction, 

effects that are mediated by cholinergic and ß-adrenergic transmission (Frey et al., 2001; 

2003).  Similarly,  the  release  of  endogenous  ACh following  basal  forebrain  (BF) 

stimulation  enhances  thalamocortical  LTP  in  V1  when  it  occurs  5  min  following 

induction (Dringenberg et al., 2007). Thus, the temporal precision of LTP reinforcement 

appears to vary for different neuromodulatory substances, with histamine having a tighter 

temporal window to effectively amplify NMDA-dependent increases in synaptic efficacy.

Both  H1 and  H2  receptors  are  expressed  abundantly  in  the  cerebral  cortex, 

hippocampus,  amygdala,  and  hypothalamus  (Haas  &  Panula,  2003).  Both  receptors 

mediate excitatory actions on neuronal activity. Activation of H1 receptor is linked with 

activation  of  phospholipase  C  and  phospholipase  A via  guanine  nucleotide  regulatory 

(Gq/11) protein which results in: 1) the release of Ca2+ ion from the internal store in the 

postsynaptic cells, 2) the facilitation of NMDA receptor by reducing the effectiveness of 

Mg2+ binding action, and 3) the production of retrograde messengers (e.g., nitric oxide 

and arachidonic acid;  see Hass & Panula, 2003). On the other hand, activation of H2 

receptors is linked to the activation of adenylyl cyclase via guanine nucleotide regulatory 

(Gs)  protein,  which  results  in:  1)  the  production  of  cyclic-adenosine  monophosphate 
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(AMP), 2) protein kinase A, and 3) the activation of the transcription factor cyclic-AMP 

response-element-binding  protein  (Hass  &  Panula,  2003),  which  are  known  to  be 

important elements for LTP expression and persistence (Abraham & Williams, 2003). 

Hence,  it  was  surprising that  neither  H1 and  H2  receptor  antagonists  could  block  the 

histaminergic facilitatory effect on thalamocortical LTP in the present study. Applications 

of a H2 receptor antagonist, zolantidine, concurrently with histamine infusion appeared to 

produce  a  slight  suppression  of  fPSP  amplitude  that  was  statistically  insignificant. 

Additional experiments to  control  the possible  competition between histamine and its 

antagonists  on  the  histamine  binding  sites  were  carried  out  with  pretreatment  of  the 

combination of H1 and H2 receptors antagonists, chlorpheniramine and cimetidine, before 

the onset of histamine infusion. Even the concurrent H1 and H2 blockade failed to show 

any  reliable  and  significant  reduction  of  the  histaminergic  facilitatory  effect  on 

thalamocortical LTP. However, the results are consistent with preliminary observations in 

our  laboratory  (not  shown)  and  other  studies  in  the  hippocampus.  Vorobjev  and 

colleagues  (1993)  demonstrated  that  application  of  histamine  to  CA1  neurons 

significantly enhanced the NMDA current, an effect that is not mediated though either H1 

(mepyramine) or H2 receptor (cimetidine). Furthermore, two other studies also found that 

histamine facilitates  hippocampal  synaptic  transmissions  in  area  CA1,  and this  effect 

cannot  be  blocked  by  either  H1 (mepyramine  and  promethazine)  or  H2  receptor 

(cimetidine) antagonists (Bekkers, 1993; Brown et al., 1995). Hence, the results showing 

that  histamine  receptors  are  not  involved  in  the  histaminergic  facilitatory  effect  on 

thalamocortical LTP are in good agreement with these studies. In the present study, the 

H2 receptor  antagonist,  zolantidine,  demonstrated  a  slight  reduction  of  LTP,  which  is 
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similar to what we observed with cimetidine alone in previous observations (not shown). 

It  is  worthwhile  to  note  that  H2 antagonists,  especially  cimetidine,  are  known to  be 

involved in  a variety of pharmacological actions unrelated to histamine, including anti-

androgenic and analgesic effects, as well as potent interactions with central GABAergic 

systems (Funder & Mercer,  1979; Lakoski  et  al.,  1983).  Even though cimetidine was 

found to inhibit LTP induction in the rat dentate gyrus by Chang and colleagues (1997), 

other  H2  receptors  antagonists  (ranitidine,  famotidine)  failed  to  show  similar  effects, 

suggesting that cimetidine inhibits hippocampal LTP by non-histaminergic mechanisms. 

Thus,  the  most  conservative  interpretation  of  the  present  results  is  that  H1 and  H2 

receptors  play  no,  or  only  a  minor  role  in  mediating  histaminergic  enhancement  of 

thalamocortical LTP. 

In the present study, arcaine salt, an antagonist of the polyamine binding site of the 

NMDA receptor  (Gibson  et  al.,  2002;  Reynolds,  1990;),  only  partially  blocked  the 

histaminergic enhancement of thalamocortical LTP immediately following weak TBS and 

failed to block the late-occurring fPSP amplitude enhancement 4 hours following TBS. 

There is strong evidence that histamine binds to the NMDA receptor's polyamine binding 

site,  a mechanism that appears to arbitrate the facilitatory effects  on NMDA receptor 

mediated currents (Vorobjev  et al., 1993; Williams, 1994). The polyamine binding site, 

one of multiple  binding sites on the NMDA receptor  macrocomplex,  exerts  complex, 

modulatory actions on NMDA mediated events,  such as  increases in  NMDA-induced 

(glycine-independent) whole-cell currents, increased affinity of the glycine binding site, 

and  voltage-dependent  inhibition  (Williams,  1997).  As  previously  mentioned,  the 

histamine-induced LTP enhancement in the CA1 area in vitro is insensitive to H1 and H2 



34
antagonists (Brown  et al.,  1995), and histamine also appears to exert some behavioral 

effects  by means of  polyamine  binding  sites  and  not  histamine receptors  (Nishiga  & 

Kamei, 2003). In addition, our previous work showed that the same dose of arcaine salt 

completely  reversed  histamine’s  (1  mM)  ability  to  enhance  LTP  under  a  strong 

stimulation  protocol,  while  it  had  no  effect  on  the  LTP induction  in  the  absence  of 

histamine (data  not  shown).  The  discrepancy between  the  present  data  and  previous 

observations might be due to the different induction protocols employed. Sub-threshold 

induction protocols that produce no LTP or short-term LTP might involve very different 

mechanisms than strong induction protocols. 

Typically,  under strong LTP induction protocol, there is a strong enhancement of 

both  fPSPs  slopes  and  population  spikes;  the  fPSP slope  reflects  synaptic  coupling 

strength,  whereas population spikes measure cell  excitability (e.g.,  Walling & Harley, 

2004). Recently, Fink and O'Dell (2009) found that weak trains of stimulation delivered 

at 5 Hz (3 s) induced no synaptic potentiation, however, they can induce a robust and 

persistent increase in the excitability of CA1 pyramidal cells that is input specific and 

NMDA receptor-dependent.  Furthermore,  this  increase  in  cell  excitability  cannot  be 

blocked  by inhibitors  of  several  protein  kinases,  such  as  protein  kinase  A,  mitogen-

activated protein kinase, and calcium/calmodulin-dependent kinase II, all known to be 

required  for  the  induction  of  LTP.  Thus,  it  suggests  that  persistent  changes  in  cell 

excitability are a distinct form of plasticity from synaptic LTP. Similar to synaptic LTP, 

long term changes  in  cell  excitability are  likely to  play a  crucial  role  in information 

storage  and  more  importantly,  in  metaplasticity.  In  addition,  histamine  is  known  to 

increase population spike amplitude, even thought it does not alter the slope of the fPSP 
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the CA1 region (Brown  et al., 1995), which suggests that histamine application alone 

might  increase cell  excitability without  having obvious,  immediate  effect  on synaptic 

strength.  Altogether,  it  is  possible  that  histamine exerts  seemingly similar  facilitatory 

effects  on  both  strong  and  sub-threshold  LTP inductions  when,  in  fact,  it  engages 

different signaling pathways.  Under the strong induction protocol, histamine regulates 

synaptic strength by a direct action on the polyamine binding site of the NMDA receptor. 

However, under the sub-threshold induction protocol, as in the present study, histamine 

produces robust LTP by involving alternative pathways that are probably more closely 

linked to regulating cell excitability or even metaplasticity expression. Further studies are 

needed to identify the specific mechanisms involved in the regulation of metaplasticity 

and the involvement of neuromodulatory systems, such as histamine, that act as gating 

systems of the expression of synaptic efficacy. 

 Synaptic potentiation and depression in thalamocortical sensory networks have been 

implicated  as  important  mechanisms  mediating  the  developmental  and  experience-

dependent refinement of the central visual (Kato  et al.,  1991; Kirkwood  et al.,  1995), 

somatosensory (Feldman et al., 1999) and auditory systems (Speechley et al, 2007). For 

V1, classic forms of ocular dominance plasticity have been shown to relate to LTP and 

LTD in afferents from the open and deprived eye, respectively (Frenkel  et al.,  2004 ; 

Sawtell et al., 2003). Similar mechanisms may also underlie different forms of plasticity 

in the adult visual cortex, including ocular dominance shifts,  receptive field plasticity, 

and other phenomena related to perceptual learning (Frenkel  et al.,  2006; Hofer et al.,  

2006; Karmarkar & Dan, 2006; Sawtell et al., 2003). Thus, the type of plasticity studied 

here may serve as  a  mechanism for  the continuous (perhaps  life-long)  adjustment  of 
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synaptic connectivity in response to alterations in sensory input.  Several  studies have 

characterized the impact of neuromodulators on LTP/LTD during the critical period of 

ocular dominance plasticity (Gu, 2003; Kim et al., 2006 ; Kirkwood et al., 1999; Kojic et  

al.,  2001;  Kuczewski  et al.,  2005), but relatively little is known with regard to their 

effects on LTP in the adult V1 (Dringenberg  et al.,  2007; Mondaca  et al.,  2004).  The 

present experiments show that cortical histamine can effectively regulate thalamocortical 

LTP induction threshold in the adult neocortex. These results raise the possibility that the 

central histaminergic system acts as an important modulator and gating mechanism for 

the induction of experience-dependent plasticity in the adult nervous system.
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Chapter 3  

Metaplasticity in the Monocular 

Primary Visual Cortex  

parts published in “Short-term (2 to 5 h) dark exposure lowers long-term potentiation (LTP) induction threshold in rat primary  
visual cortex” by Kuo, M-C. & Dringenberg, HC. 2009. Brain Research, Vol. 1276, pp.58-66 27.

3.1. Abstract 

Up- and down-regulation of synaptic strength (i.e., LTP and LTD) is thought to be the 

primary  mechanism  mediating  experience-dependent  plasticity  of  cortical  networks. 

Recent evidence indicates that the expression of plastic changes at synapses is dynamic 

and regulated,  at  least  in  part,  by the  recent  history of  averaged synaptic  activity,  a 

concept termed  metaplasticity.  Here, adult,  urethane-anesthetized rats were exposed to 

light or dark conditions for various durations (1, 2, and 5 hours) to influence activity 

levels in the retinal-dLGN-V1 pathway. Field potentials, recorded in layer IV of V1, were 

evoked by light flashes to the retina or single pulse electrical stimulation of the dLGN. 

Brief  (60 s)  periods of  high frequency (50 Hz)  retinal  light  stimulation results  in  an 

increase  in  visual  evoked potential  (VEP) amplitude  in  animals  exposed to  complete 

darkness  for  2  hours,  while  VEP amplitude  failed  to  show  potentiation  in  animals 

maintained in darkness for shorter periods. Similarly, weak theta-burst stimulation of the 

dLGN  that  failed  to  induce  LTP in  animals  maintained  under  continuous  light  was 

effective in eliciting robust LTP after 5 hours of dark exposure. These data demonstrate 
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that induction thresholds for sensory- and electrically-induced LTP in the retino-geniculo-

cortical pathway of adult rats are dynamically regulated by levels of preceding sensory 

stimulation. Further, we suggest that metaplastic adjustments of plasticity in V1 can occur 

over time-scales significantly shorter than previously recognized. 

3.2. Introduction

It  is  widely  accepted  that  manipulations  of  visual  input,  such  as  monocular  or 

binocular  deprivation,  exert  a  significant  impact  on  the  anatomical  and  functional 

development of the V1, in particular when such manipulations occur during early, critical 

periods of postnatal  brain development (Wiesel & Hubel,  1963).  Changes in synaptic 

efficacy have been proposed to contribute to these experience-dependent modifications of 

cortical connectivity, including ocular dominance plasticity (Berardi et al., 2003; Hofer et  

al.,  2006; Smith et al., 2009).  Long-lasting potentiation (LTP) and depression (LTD) of 

synaptic  strength  are  important  mechanisms  mediating  activity-  and  experience-

dependent  cortical  plasticity.  In  V1,  LTP and  LTD  appear  to  play  a  role  in  ocular 

dominance plasticity (Kato  et al., 1991; Sawtell  et al., 2003; Smith  et al.,  2009) and, 

possibly, in some aspects of perceptual learning (Frenkel et al., 2006; Karmarkar & Dan, 

2006).  

Recent  evidence  indicates  that  LTP is  readily  induced  in  the  neocortex  of  both 

developing and mature animals (Heynen & Bear, 2001; Hodgson et al., 2005). Initial in  

vitro studies suggested that LTP induction in V1 is limited to the early, postnatal period of 

ocular dominance plasticity (Kato et al., 1991; Tsumoto, 1990). However, under in vivo  

conditions, NMDA receptor-dependent LTP in V1 can be effectively induced in adult rats 
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by photic  stimulation  of  the  retina  (Clapp  et  al.,  2006),  or  by  electrical  theta  burst 

stimulation (TBS) of the dLGN (Dringenberg et al., 2007; Heynen & Bear, 2001;  Kuo & 

Dringenberg, 2008). The ability of the mature V1 to express LTP is consistent with work 

demonstrating that some forms of ocular dominance plasticity are also present in adult 

rodents (Hofer et al., 2006; Sato & Stryker, 2008; Sawtell et al., 2003). 

The  induction  and  maintenance  of  LTP at  cortical  synapses,  including  V1,  are 

strongly  influenced  by  the  levels  of  various  neuromodulators  (Brocher  et  al.,  1992; 

Dringenberg et al., 2007; Gu, 2002; Kuo & Dringenberg, 2008; Mondaca  et al.,  2004). 

Further, both the induction and direction (i.e., LTP vs. LTD) of synaptic modifications 

appear to depend, at least in part, on the past, averaged activity levels of a given synapse, 

with higher and lower activity levels favoring LTD and LTP, respectively. This hypothesis 

of the malleability of synaptic plasticity itself, a concept termed metaplasticity (Abraham, 

2008;  Abraham & Bear,  1996;  Bear,  2003),  has  been examined in  the visual  system 

through manipulating visual input and, by inference, activity levels of synapses in V1. 

For example, limiting visual stimulation by means of continuous (4-6 weeks) dark rearing 

during postnatal life enhances and reduces, respectively, the induction of LTP and LTD in 

V1 slices (Kirkwood et al., 1995, 1996), an effect that can be reversed by as little as two 

days of light exposure (Kirkwood et al., 1996). Recently, Tsanov and Manahan-Vaughan 

(2007) demonstrated that much shorter periods of dark exposure can switch the direction 

of synaptic efficacy changes  in vivo.  Exposing adult, freely-moving rats to 12 hour of 

complete darkness resulted in the induction of LTP in response to low frequency (3 Hz) 

stimulation of the dLGN, while rats maintained under continuous light showed LTD to 

the same stimulation protocol. Together, these studies provide compelling support for the 
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notion that  visual experience, or the lack therefore, exerts profound influences on LTP 

and LTD mechanisms in V1, phenomena that likely mediate processes such as ocular 

dominance plasticity in the juvenile and adult visual system (Goel & Lee, 2007; He et al., 

2006, 2007; Hofer et al., 2006;). 

The present experiments were designed to further characterize time periods required 

for visual input manipulations to influence plasticity in the mature visual system of rats. 

The first goal was to characterize the visual evoked potential elicited by light flashes to 

the retina while recording in the V1 and, more importantly, to examine whether LTP-like 

enhancements could be obtained using such methods. After determination an effective 

way to elicit LTP using light flashes to the retina, various shorter-term  dark exposure 

periods were employed to assess any metaplasticity changes in LTP threshold of visually 

evoked  potentials  in  V1  elicited  by  photic  retinal  stimulation.  As  discussed  in  the 

previous chapter, a sub-threshold LTP induction protocol (4 TBS) that normally resulted 

in little or no LTP can produce robust LTP when histamine is  present  at  the time of 

induction. Hence, neuromodulators can significantly shift the induction threshold of LTP 

when a sub-threshold stimulation protocol is employed, suggestive that the weak TBS is a 

good tool to study the expression of metaplasticity under various levels of sensory input. 

Thus, further experiments were conducted with the application of 4 TBS to the dLGN 

while  recording  in  monocular  V1 to  confirm and compare  with  the  results  of  photic 

experiments  on the  effect  of  short-term dark exposure on visual  cortical  plasticity in 

anesthetized, adult animals.    
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3.3. Materials and Method

3.3.1. Animals and Surgical Preparation

Adult  male  Long-Evans  rats  (300-500  g,  Charles  River,  Laboratories  Inc.,  St. 

Constant, Québec) were housed in groups of 4 or 5 (reversed 12 hr light/dark cycle, light 

on between 7 pm and 7 am), with food and water available ad libitum. All experiments 

were performed in accordance with the guidelines of the Canadian Council on Animal 

Care and approved by the Queen's University Animal Care Committee.

Animals  were  under  deep  urethane  anesthesia  (1.5  g/kg,  administrated 

intraperitoneal as 3 x 0.5 g/kg doses every 20 min and supplemented as needed) before 

being  placed  in  a  stereotaxic  apparatus.  Throughout  all  surgical  and  subsequent 

experimental procedures, both eyes were kept open with the use of hemostats and eye 

ointment  was  applied to  both  corneas  to  maintain lubrication.  Body temperature was 

monitored by rectal probe and maintained between 35-37oC using an electrical heating 

blanket. Coordinates for all placements were chosen based on the anatomical work of 

Paxinos and Watson (1998). For experiments using VEPs, the skull  was exposed and 

small skull holes were drilled over the monocular V1 of both hemispheres (AP -7.5, L 

±2.8). Four holes over the anterior skull and cerebellum were used to secure ground and 

reference  electrode  screws.  The  placements  in  the  monocular  region  of  V1  were 

confirmed by the absence of VEPs to light stimulation of the ipsilateral retina. The final 

ventral placements for V1 electrodes (125 µm diameter Teflon-insulated stainless steel 

wire)  were  adjusted  to  yield  the  shortest  latency,  maximal  amplitude  negative-going 

VEPs (~ 600 µm below the brain surface, layer IV, see Results). For experiments using 

electrical stimulation, an additional hole above the dLGN (AP -3.5, L +3.7, V -4.5) was 
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drilled. The final ventral placement of the dLGN stimulation electrode (concentric bipolar 

electrode, Rhodes Medical Instruments series, SNE-100, David Kopf, Tujunga, CA) was 

adjusted to yield maximal fEPSP amplitude in layer IV of V1 (see Results). 

3.3.2. Electrophysiology Recordings

Field  potentials  in  V1  were  evoked  either  by  light  flashes  (10  ms  duration, 

luminance  of  25 ± 5  lux,  T1¾ LED light  bulb)  to  the  retina  contralateral  to  the  V1 

recording  site,  or  by  single  electrical  pulse  (0.2  ms  duration)  applied  to  the  dLGN 

ipsilateral to the V1 recording site. Cortical VEPs or fEPSPs were recorded differentially 

against a cerebellar reference connection. The signal was amplified, filtered (0.3 Hz -1 

kHz),  digitized  (10  kHz),  and  stored  for  offline  analysis  (PowerLab/4s  system, 

ADInstruments,  Toronto,  Canada).  Electrical  stimulation  was  provided  by a  stimulus 

isolation  unit  providing  a  constant  current  output  (PowerLab  system  with  ML 180 

Stimulus Isolator, ADInstruments). 

3.3.3. Depth Profiles for Current Source Density (CSD) analysis

Initially, two independent groups of animals were used to generate depth profiles of 

either VEPs or fPSPs across the monocular segment of all V1 layers. For the VEPs CSD 

experiment, the cortical recording electrode was advanced from the cortical surface in 

200 µm increments to a final depth of 1800 µm. Following 10 min of stabilization at each 

depth, 100 flash evoked VEPs were recorded at 0.2 Hz, which were later averaged and 

subjected to CSD analysis. For the fPSP CSD experiment, the cortical recording electrode 

was advanced from the cortical surface in 100 µm increments to a final depth of 1500 
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µm. Following 5 min of stabilization at each depth, electrical stimulation of the dLGN 

(0.2  ms)  was  repeated  40  times  at  0.1  Hz to  evoked  fPSPs  in  V1 which  were  later 

averaged and subjected to CSD analysis. Room illumination during these experiments 

was ~ 1.8 and ~ 300 lux in VEP and fPSP experiments, respectively.

3.3.4. Retinal Light Stimulation (RLS) Experiments

All experiments commenced between 8:30-10 am and were conducted in a well-lit 

room (luminance at  ~ 300 lux).  Rats were given a 30 min stabilization period under 

normal  light  conditions  (~  300  lux)  following  the  final  electrode  placements. 

Subsequently,  separate  groups  of  animals  received  exposure  to  either  unchanged 

luminance  levels  (light,  ~  300  lux)  or  complete  darkness  (0  lux)  by placing  a  dark 

enclosure (40 x 50 x 60 cm box constructed of black plastic glass) over the animal and 

stereotaxic apparatus. Two groups received dark exposure for either 45 or 105 min, while 

two control  groups  were kept  under  light  for  the same durations (Fig.  3.1.  top).  The 

formal experiment commenced after these differential light exposure periods (Fig. 3.1. 

top at arrowhead) and was conducted under 0 lux conditions for all experimental groups 

in order to maintain equal ratios between retinal light flashes and ambient luminance 

levels. Light flashes were applied to the retina (at 0.2 Hz) and VEPs were recorded for 15 

min to establish baseline VEP measures. Subsequently, high frequency RLS (10 ms flash 

duration, 3000 at 50 Hz for a total of 1 min) was applied. Consequently, at the time of 

RLS, the two dark exposure groups had received a total of either 1 hour (45 min + 15 min 

of baseline VEP recordings) or 2 hours of darkness (105 min + 15 min of baseline), while 

the two control groups had experienced 15 min of complete darkness (15 min of baseline 
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Figure 3.1. Schematic of the time-lines for different experimental conditions employed in 
the  retinal  light  stimulation  (RLS,  top)  and  electrical  theta  burst  stimulation  (TBS) 
experiments (bottom). A schematic illustration showing the stimulation light flash and 
the recording electrode located in the contralateral monocular segment of the primary 
visual cortex (top right). White bars = light, black bars = dark, arrowheads indicate the 
onset of baseline recording, arrows indicate time of stimulation (RLS or TBS). Durations 
of baseline recordings (i.e., time between onset of recordings and stimulation) were 15 
min and 30 min for RLS and TBS experiments, respectively. 
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VEPs; Fig 3.1. top). An additional group of animals experienced the same condition as 

the 2 hr dark experimental group, but received double the RLS (6000 flashes, total of 2 

min).   For all groups, VEP recordings (at 0.2 Hz) continued for 45 min after RLS. A 

further control group was kept in darkness for 2 hr but did not receive RLS to examine 

stability of VEPs over time.

3.3.5. Electrical Stimulation Experiments 

For these experiments, animals were placed in the brightly illuminated (~ 300 lux) 

room for two hours (before 10 am) prior to anesthesia induction and surgical preparation. 

Again, initial retinal flash stimulation was used to optimize the final, ventral placement of 

the V1 recording electrode in layer IV, as described above, before allowing rats a 30 min 

stabilization period (~ 300 lux). Subsequently,  two groups received dark exposure for 

either 1.5 or 4.5 hours prior to the onset of data collection, while control animals were

kept  under  normal  light  for  the  same  durations (Fig  3.1.  bottom).  Following  the 

differential dark or light exposure, input-output curves (dLGN stimulation of 0.1-1.0 mA 

with  0.1  mA increments)  were  established  for  all  experimental  conditions  and  the 

stimulation  intensity  yielding  50-60  % of  the  maximal  fEPSP amplitude  in  V1  was 

chosen. For data collection (Fig. 3.1. bottom at arrowhead), baseline fEPSPs (every 30 s) 

were recorded for 30 min (i.e., a total of 60 baseline fEPSPs), or until a stable baseline 

was established (between 95-105 % of the average baseline amplitude). Subsequently, 

TBS consisting of high frequency bursts (5 pulses at 100 Hz/burst) repeated four times at 

a theta frequency of 5 Hz was applied to the dLGN. The two groups of dark exposure 

animals had been kept under complete darkness for a total of 2 and 5 hours at the time of 
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TBS, while control rats had been kept under continuous light conditions for the same 

durations (Fig. 3.1. bottom). Recordings of fEPSPs (every 30 s) continued for 4 hours 

after TBS. One additional control group underwent the same procedures as the 5 hour 

light group (see above), with the exception that no TBS was applied. 

3.3.6. Histology

At the end of all experiments, animals were perfused through the heart with 0.9% 

saline followed by 10% formalin.  The brain was removed and immersed in  formalin 

before sectioning (40 μm) using a cryostat. The slices were mounted onto microscope 

slides  and  the  placements  of  electrodes  were  verified  using  standard  histological 

techniques. Inaccurate placements were excluded from the data analyses.

3.3.7. Data Analysis

Data  are  expressed  as  mean  ±  S.E.M.  The  amplitude  of  VEPs  or  fEPSPs  was 

computed offline using Scope software (AD instrument, V.3.6.5). Amplitude values of 

each rat were averaged over 5 and 10 min intervals for RLS and electrical stimulation 

experiments, respectively. These averages were then normalized by dividing them by the 

average  baseline  amplitude  of  that  animal.  All  data  were  statistically  evaluated  by 

repeated measures analysis of variance (ANOVA) and, if statistically appropriate, simple 

effects tests using the CLR ANOVA software package (v.1.1, Clear Lake Research Inc. 

Houston, Texas). The level of significance for all statistical analyses was set at p < 0.05.

The VEPs and fPSPs collected during depth profile experiments (see above) were 

subjected to one-dimensional CSD analyses in order to characterize local current sinks 
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and sources at different cortical depths, as described previously (Nicholson & Freeman, 

1975; Mitzdorf, 1985). CSD profiles were calculated by subtracting two times the voltage 

at a given depth (V0) from the sum of the voltages recorded 200 (VEPs) or100 (fPSPs) 

µm above (Va) and below (Vb) this depth, and dividing this value by the squared distance 

(d2) between depths (CSD = [Va  + Vb  - 2V0]/d2). Using this analysis, current sinks and 

sources are indicated by positive and negative values, respectively. CSD profiles obtained 

in individual animals were collapsed in order to generate a grand CSD profile across all 

experiments. 

3.4. Results

3.4.1. Characterization of Visual Evoked Potentials (VEPs) in V1

Extracellular  recordings  in  V1  showed that  a  single  light  flash  onto  the  retina 

consistently evoked VEPs in the contralateral V1. Depth profiles (n = 5; Fig. 3.2. left 

column) revealed that VEPs consisted of large, positive-going potentials in the superficial

cortical layers (200 & 400 µm depth) with a latency to peak of about 100 ms. Below 400 

µm, VEPs switched to negative-going potentials, with the shortest latency to peak (~ 40 

ms)  observed at  a  depth  of  600 µm (Fig.  3.2.).  Peak  latencies of  the  negative  VEP 

component increased as the electrode traveled into the deeper cortical layers. 

A CSD  analysis  (Fig.  3.2.  right  column)  demonstrated  the  existence  of  a  short 

latency,  large  amplitude  current  sink  at  depths  of  600-800 µm,  with  current  sources 

located in the adjacent cortical layers, similar to previous studies (Heynen & Bear, 2001). 

The depth of the current sink coincides with the location of layer IV and deep layer III, 

constituting the major laminar locations receiving direct inputs from the dLGN (Sefton et 
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Figure 3.2. Visual evoked potentials (VEPs, left) elicited by photic stimulation of the 
retina and corresponding current source density (CSD) profiles (right) at different laminar 
depths of the primary visual cortex in anesthetized rats. Both VEPs and CSD profiles 
shown are grand averages and CSD profiles were calculated using a spatial differentiation 
grid of 200 μm.



49
al., 2004). For all experiments reported below, electrode locations in V1 were optimized 

to record short-latency, negative-going VEPs at a depth of about 600 µm. 

3.4.2. LTP Induced by Retinal Light Stimulation (RLS)

High-frequency RLS (50 Hz for 1 min) was used to assess its effectiveness to induce 

LTP in rats not subjected to prolonged dark exposure (Light groups in Fig. 3.3; exposed 

to complete darkness only for the 15 min period of baseline VEP recordings with no 

additional dark exposure prior to the onset of the experiment), and rats kept in complete 

darkness for 1 hour (45 min + 15 min baseline VEPs) or 2 hours (105 min + 15 min 

baseline VEPs) at the time of RLS. Rats (n = 6) exposed to 1 hour of darkness did not 

show significant changes in VEP amplitude following RLS and were not different from 

control (Light) rats (n = 4) receiving only 15 min of darkness (Fig. 3.3. top; Fgroup 1,8 = 

1.175,  p  =  0.310;  Ftime  11,88 =  0.730,  p  =  0.707;  Fgroupxtime  11,88 =  0.487,  p  =  0.907). 

Consequently, under these experimental conditions, RLS was ineffective in eliciting LTP 

in V1. 

In contrast, animals kept in complete darkness for a total of 2 hours (n = 6) at the 

time of RLS showed a clear increase in VEP amplitude following RLS, indicative of 

successful LTP induction (Fig. 3.3. bottom). Control animals (n = 5) exposed to darkness 

for only 15 min at the time of RLS did not show this increase in VEP amplitude over the 

course of the experiment , and, in fact, showed a minor depressant effect following RLS 

(Fig. 3.3. bottom; Fgroup 1,9 = 9.844, p < 0.05; F time11,99 = 0.629, p = 0.801; Fgroupxtime 11,99 = 

2.988, p < 0.01).  Furthermore, animals (n = 7) maintained in darkness for 2 hr without 

receiving RLS showed relatively stable VEP amplitude throughout the entire experiment 
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Figure 3.3. Amplitude of visually evoked potentials (VEPs) in the primary visual cortex 
contralateral  to  the  stimulated  retina  before  and  after  high  frequency  retinal  light 
stimulation (RLS). All experimental groups were kept in complete darkness during the 15 
min baseline period prior to RLS. Top: RLS was ineffective in changing VEP amplitude 
regardless of whether rats were kept in the dark for 1 h (45 min + 15 min baseline) or 15 
min only (baseline) prior to RLS. Insert: Bar graph shows the averaged amplitude of all 
VEP recorded after RLS for all experimental conditions (black bars, dark exposure; white 
bars, light controls; gray shadings, 2 hour dark without RLS). Bottom: Rats kept in the 
dark for 2 h (105 min + 15 min baseline) prior to RLS showed a significant increase in 
VEP amplitude, an effect that did not occur in rats exposed to only 15 min of darkness 
(baseline); * indicates  p  < 0.05. Insert: Depicts typical VEPs before (black) and after 
RLS (gray) in rats kept under 2 h (left) or 15 min (right) darkness. Note the increase and 
decrease in VEP amplitude following 2 h and 15 min darkness, respectively (calibration 
is 50 ms and 0.1 mV).
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(Fig. 3.3. bottom),  suggesting that basal light stimulation every 5 sec did not modify 

synaptic  strength  during  prolonged  periods  of  dark  exposure  under  the  present 

experimental conditions. An additional group of animal (n = 5) received double of the 

RLS (i.e. 6000 flashes) and also underwent the same 2 hr darkness condition before RL. 

This  group showed similar  level  of  VEP enhancement  as  animals  that  received 3000 

flashes of RLS (Fig. 3.4.).  

3.4.3. Characterization of Electrically Evoked Potentials in V1

Extracellular recordings in V1 showed that a single electrical pulse to the dLGN of 

the thalamus consistently evoked fPSP in the ipsilateral V1. Depth profiles (n = 5; Fig. 

3.5. left column) revealed a typical fPSP of large, negative-going potentials in all layers. 

The latency to peak was about 15 ms at the superficial cortical layers (0-500 µm depth). 

Below 600 µm, the fPSP latency to peak gradually shortened and the amplitude reduced 

in size. As the electrode traveled into the deeper cortical  layers, a late positive-going 

potential component (~10 ms) started to appear and grew in amplitude at the same time. 

 A CSD analysis  (Fig. 3.5. right column) demonstrated at 600 µm there is a small 

amplitude  of  source  immediately  followed  by  a  small  amplitude  sink.  Also,  CSD 

demonstrated the existence of a  big  amplitude current sink at depths of  800 µm. With 

large current sources located in the both superficial (300  µm)  and deep cortical layer 

(1000 µm), similar to the VEPs CSD analysis. Therefore, the depth of the current sinks 

are very similar with the location of layer IV and deep layer III as mentioned above. For 

all experiments reported below, electrode locations in V1 were first optimized to record 

short-latency, negative-going VEPs as in the RLS group, before confirming these with the 
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Figure 3.4. Amplitude of visually evoked potentials (VEPs) in the primary visual cortex 
contralateral to the stimulated retina before and after either 3000 or 6000 flashes of high 
frequency retinal light stimulation (RLS). Increasing the RLS to 6000 flashes produced 
similar change in VEP amplitude as rats receiving 3000 flashes when kept in the dark for 
2 hr (105 min + 15 min baseline) prior to RLS. Note that the same dark (3000 flashes) 
group as in Figure 3.3 is shown.
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Figure 3.5. Field postsynaptic potentials (fPSPs, left) elicited by electrical stimulation of 
the dorsal  lateral  geniculate  nucleus  and corresponding current  source  density (CSD) 
profiles (right) at different laminar depths of the primary visual cortex in anesthetized 
rats.  Both fPSPs and CSD profiles shown are grand averages and CSD profiles were 
calculated using a spatial differentiation grid of 100 μm.
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negative-going fEPSP waveform evoked by dLGN electrical stimulation.  

3.4.4. LTP Induced by TBS

As discussed previously, a weak TBS consisting of 4 theta cycles (1 cycle = 5 pulses 

at 100 Hz, cycles repeated at 5 Hz) applied to the dLGN is insufficient to induce long-

lasting LTP in V1. This sub-threshold induction protocol was used in the present study to 

examine whether changes in LTP threshold following dark exposure can also be detected 

for electrically induced LTP. Consistent with previous data, rats (n = 5) maintained under 

continuous light for 2 hours at the time of TBS did not exhibit sustained increases in 

fEPSP amplitude (Fig.  3.6.  top).  Rats (n = 6) kept in darkness for 2 h prior  to  TBS 

showed a small,  transient increase in fEPSP amplitude following TBS (Fig.  3.6. top), 

even  though  an  ANOVA  comparing  these  two  groups  did  not  reveal  significant 

differences (Fgroup 1,9 = 0.003, p = 0.956; Ftime 26,234 = 7.118, p < 0.01; interaction, Fgroupxtime 

26,234 = 0.775, p = 0.777). It is noteworthy, however, that the effect of time for the 2 hour 

dark  group  did  reach  significance  (F26,130 =  5.10,  p  <  0.01),  suggestive  of  a  minor, 

transient synaptic enhancement in these animals. Again, 4TBS application in rats (n = 6) 

following 5 hours of light exposure failed to induce LTP and, in fact, fEPSP amplitude 

appeared to show a decline throughout the course of the experiment (Fig. 3.6. bottom). I 

further investigated whether this apparent depression-like effect was due to the delivery 

of TBS, or merely reflective of the passage of time by testing additional animals (n = 5) 

identical to the 5 hour light group with the exception that no TBS was applied. Both TBS 

and no TBS groups showed a similar decline of fEPSP amplitude (group and group by 

time effects not significant, both p’s > 0.5), suggesting that TBS did not elicit this effect. 
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Figure 3.6. Amplitude of field excitatory postsynaptic potentials (fEPSPs) in the primary 
visual cortex ipsilateral to the stimulated dorsal lateral geniculate nucleus (dLGN) before 
and  after  theta  burst  stimulation  (TBS)  of  the  dLGN.  Top:  TBS  was  ineffective  in 
eliciting sustained increases in fEPSP amplitude in animals maintained in the dark or 
light for 2 hr prior to TBS. Bottom: Animals kept in the dark for 5 hr prior to TBS 
displayed an enhanced fEPSPs amplitude during the 4 hr following TBS. This effect did 
not occur for control animals kept in the light for 5 hr prior to receiving TBS, which 
showed a minor decline in fEPSP amplitude over the course of the experiment. A similar 
decline  also occurred  in  rats  that  did  not  receive  any TBS (light,  no TBS group).  * 
indicates p < 0.05 between dark and light groups. Insert: Depicts typical fEPSPs before 
(black) and after TBS (gray) in rats kept in the dark (left) or light (right) for 5 h. Note the 
increase  and  decrease  in  fEPSP  amplitude  for  dark  and  light  exposed  animals, 
respectively (calibration is 10 ms and 0.2 mV).
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In contrast, rats maintained in darkness for 5 hours (n = 6) at the time of TBS showed a 

clear  increase  in  fEPSP amplitude,  indicative  of  LTP  induction  (Fig.  3.6.  bottom). 

Further, this group differed significantly from the 5 hour light (TBS) condition (Fgroup 1,10 

=7.293, p < 0.05; Ftime 26,260 = 1.303, p = 0.154; Fgroupxtime 26,260 = 1.215, p = 0.222). 

3.5. Discussion

It  is  now  well  established  that  synapses  are  bidirectionally  modifiable,  that  is, 

synaptic strength can be up- or down-regulated, with the direction of change depending 

on the level of correlation between pre- and postsynaptic activity. An important extension 

to these principles of synaptic plasticity was proposed by the Bienenstock-Cooper-Munro 

theory,  which suggests that the modification threshold θ (i.e.,  the cross-over points at 

which  a  given  synapse  switches  from  depression  to  potentiation,  or  vice  versa,  in 

response to a given synaptic input) is not fixed, but varies depending on the recent history 

of its activity levels (Bienenstock et al., 1982; Bear, 2003). According to this model, high 

levels of past synaptic activity will shift the modification threshold to favor LTD over 

LTP, while lower activity levels facilitate LTP induction. The concept of modifications of 

synaptic plasticity itself, termed metaplasticity (Abraham & Bear, 1996; Abraham, 2008), 

has received considerable attention in the last decade, in particular in the visual system, 

where  regimens  of  dark  or  light  exposure  can  be  employed  to  manipulate  levels  of 

synaptic  activity  (Kirkwood  et  al., 1996;  Quinlan  et  al., 1999;  Sawtell  et  al., 2003; 

Philpot et al., 2007; Tsanov & Manhan-Vaughan, 2007). 

Here, I subjected rats to various regimens of dark and light exposure to assess effects 

on thresholds of LTP in V1 induced either by RLS or TBS of the dLGN. The results show 
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that  relatively short  periods  (2 to  5  hours)  of  exposure  to  complete  darkness  can be 

sufficient  to  drive  the  modification  threshold  θ  in  a  direction  that  favors  synaptic 

strengthening in the retino-geniculo-cortical pathway. These data highlight the fact that 

plasticity of the mature visual cortex itself remains highly dynamic and can be modified 

by changes in sensory inputs on time scales shorter than previously assumed. 

Initially,  I  carried  out  a  CSD  analysis  of  VEPs  and  fPSPs  to  aid  with  the 

interpretation of bioelectrical signals elicited by retinal and electrical stimulation.  This 

analysis revealed the existence of a short latency, large amplitude current sink in layer 

IV/deep III (depth of about 600 – 800 µm), which was surrounded by current sources in 

the adjacent cortical layers (i.e., III & V), a pattern that is in excellent agreement with 

previously work on field potentials elicited by photic retinal stimulation and electrical 

stimulation of dLGN (Heynen & Bear, 2001). For all subsequent experiments, electrode 

placements  were  optimized  to  detect  field  potentials  in  layer  IV/deep  layer  III, 

constituting the main thalamic recipient layers of V1 in the rat (Sefton  et al., 2004).  

Recently, so-called sensory-induced LTP has been demonstrated in the rodent and 

human V1 following visual stimulation in the form of checkerboard patterns presented at 

a frequency of about 9 Hz; Clapp et al., 2006; Teyler et al., 2005). Many features of this 

sensory-induced potentiation appear to be similar to classical LTP induced by electrical 

stimulation,  including  its  long  duration  (>  1  hour),  dependence  on  NMDA receptor 

activation,  and  input-specificity  (Clapp  et  al.,  2006;  Ross  et  al.,  2008;  Teyler  et  al., 

2005).  The  fact  that  a  similar  phenomenon  has  also  been  described  in  the  primary 

auditory cortex of humans following sound stimulation (Clapp et al., 2005) indicates that 

sensory-induced LTP may constitute a rather general plasticity mechanism that operates 
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across different sensory (and possibly other) cortical fields. 

Consistent  with  this  work,  as  shown here  the  high-frequency (50  Hz)  RLS was 

effective in inducing relatively long-lasting (45 min) LTP in V1. However, this effect was 

observed only when animals were kept in complete darkness for 2 hours prior to the 

application of RLS, in contrast to the work of Clapp and colleagues (2006) who observed 

visually  induced  LTP without  a  similar  period  of  complete  visual  deprivation.  It  is 

important  to  note,  however,  that  they induced  LTP only  in  the  binocular  V1,  while 

recordings  obtained  from  the  monocular  V1  region  failed  to  show  consistent 

enhancement. For my experiments, all V1 electrodes were located in the monocular V1, 

which was confirmed by the absence of VEPs following stimulation of the ipsilateral 

retina (see Methods). Consequently, the binocular V1 in rodents may have a lower LTP 

induction threshold relative to the monocular region (Clapp et al., 2006; see also McCoy 

et al., 2008) and successful LTP induction in monocular V1 may require a significantly 

greater shift in the modification threshold, an effect that was observed following longer 

periods of visual deprivation.

The protocol of RLS used here consisted of light flashes (10 ms duration) that were 

presented at a frequency of 50 Hz. This frequency is above the critical flicker threshold 

(i.e., the highest frequency of flickering light that is distinguishable from a continuous 

light) in rats, as determined by behavioral and electrophysiological measurements (about 

35 to 40 Hz; Wells et al., 2001; Williams et al., 1985). It will be of interest to examine 

whether this type of RLS is optimal for visually-induced LTP induction, or whether other 

(possibly lower frequency) protocols are more effective. Thus far, data regarding sensory-

induced  LTP are  sparse  and  further  research  is  required  to  optimize  LTP induction 
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protocols.  In  the  present  study,  doubling  the  number  of  light  flashes  during  RLS 

induction periods (6000 instead of 3000 flashes) did not result  in greater LTP in V1, 

suggesting that 3000 flashes may induce the maximal level of sensory LTP in the rat 

visual system under the present, experimental conditions. 

The data summarized above indicate that dark exposure is effective in lowering the 

induction  threshold  for  sensory-induced  LTP in  the  rat  visual  system.  I  investigated 

whether a similar effect can be demonstrated for electrically induced LTP between the 

dLGN and V1 (Heynen & Bear, 2001). Using a TBS protocol below the threshold to 

induce LTP in this pathway, as described in the previous chapter (Kuo & Dringenberg, 

2008), I observed that dark exposure decreased the induction threshold, allowing weak 

TBS  to  elicit  robust  LTP.  This  effect  was  significant  for  animals  kept  in  complete 

darkness for 5 hours,  but  already emerged as a trend following 2 hours of darkness, 

periods that are shorter than those reported in previous work. For example, Tsanov and 

Manhan-Vaughan (2007) showed that 12 hours of dark exposure lowers the threshold for 

electrically-induced LTP between dLGN and V1 in freely-moving rats. Together, these 

observations demonstrate that the metaplasticity regulation of LTP induction thresholds 

by visual experience extends to several types of LTP (sensory or electrical), occurs under 

different experimental conditions (behaving, anesthetized), and involves, at least in part, 

central synapses, as they cannot be due entirely to mechanisms operating at the level of 

the retina (see Clapp et al., 2006). It is important to note that, to date, very few studies 

have  monitored  the  precise  effects  of  prolonged  dark  vs.  light  exposure  on  global, 

synaptic activity levels in V1. However, recent work using manganese-enhanced MRI in 

rats has shown layer specific (layers IV & V) reductions in synaptic activity after 8 hours 
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of dark exposure (Bissig & Berkowitz,  2009), confirming the effective modulation of 

cortical activity by changes in ambient illumination levels. 

Several mechanisms have been proposed to underlie the facilitating effect of dark 

exposure on LTP induction. A number of studies have demonstrated changes in NMDA 

receptor  subunit  composition  following  dark  exposure  in  adulthood,  with  relative 

increase in NR2B subunit levels compared to NR2A, an effect known to facilitate LTP 

induction (He  et al.,  2006; Yashiro  et al., 2005;  Yashiro & Philpot, 2008). However, 

since these studies used significantly longer periods of light deprivation (several days), it 

remains to be determined whether such subunit composition changes contribute to the 

effect  observed  here.  Homeostatic  adaptations  of  cortical  GABAergic  inhibition  (i.e., 

disinhibition)  following  sensory  deprivation  are  also  a  likely  candidate,  given  the 

important role of GABAergic tone in setting plasticity and LTP thresholds in V1 (He et  

al., 2006; Jiang et al., 2005;Morishita & Hensch, 2008; also Hendry & Jones, 1986). Of 

course, effects of dark exposure on LTP thresholds might well be due to a combination of 

several, underlying mechanisms, including but not limited to those discussed here.

In  summary,  the  present  study reports  that  a  2  to  5  hour  period  of  acute  dark 

exposure lowers the induction threshold for both sensory- and electrically-induced LTP in 

the retino-geniculo-cortical pathway of adult rats. These results provide new evidence for 

metaplastic adjustments of cortical plasticity and show that such effects can occur over 

time-scales significantly shorter than previously assumed. 
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Chapter 4

Characterization of Ipsilateral and Contralateral 

LTP Induction Between the Binocular and 

Monocular Segments of the V1   

4.0 Abstract 

Synapses have been shown to be bidirectionally modifiable, long-term potentiation (LTP) 

and long-term depression (LTD), and these changes in synaptic efficacy are thought to be 

the primary mechanism mediating experience-dependent plasticity of cortical networks. 

Recent evidence suggests that  the expression of plasticity in the mature visual cortex 

stays dynamic and is more complex than previously thought. Here, urethane-anesthetized 

adult  rats  were  used  for  a  detailed  characterization  of  synaptic  plasticity  in  the 

geniculocortical pathway. Potentiation of field potentials, recorded in superficial layers of 

both primary visual cortex (V1) hemispheres,  was evoked by different electrical  high 

frequency stimulation protocols delivered to the dorsal lateral geniculate nucleus (dLGN) 

of  thalamus.  Further,  the  recording  electrode  was  placed  in  either  the  monocular  or 

binocular  segment  of both V1 hemispheres Results  showed that  both weak or  strong 

stimulation protocols produce much stronger LTP in the crossed visual pathway to the 

contralateral  V1,  an  effect  which  cannot  be  blocked  by  the  N-methyl-D-aspartic 

(NMDA)-receptor antagonist, MK 801. Interestingly, weak stimulation protocol (3 or 4 
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theta  burst  stimulation,  TBS) induced a  gradual  depression in  the field  potentials,  an 

LTD-like synaptic change in the ipsilateral V1 that lasted for 4 hr. MK 801 was found to 

be  effective  in  blocking  this  depressive  effect  only  for  recordings  in  the  monocular 

segment of V1. Further, a clear difference was found between cortical segments, since 

LTP was more difficult to induce in the monocular than the binocular segment of the 

ipsilateral V1. These data demonstrated that changes in synaptic efficacy in the geniculo-

cortical  pathway of  adult  rats  depend on the level  of  induction  strength,  ipsi-  versus 

contralateral visual pathways, and cortical areas. Interestingly, NMDA receptors do not 

appear to be involved in all forms of synaptic plasticity in V1 of adult rat.

 

4.1. Introduction

 It is well established that the mammalian brain has the ability to change in response 

to biologically important sensory experiences, allowing learning and memory to occur 

and  enhancing the chance of survival through constant adaptations to the ever-changing 

environment. During the sensitive period, the developing and immature brain is highly 

susceptible  to  changes  in  sensory inputs,  resulting  in  reorganization  of  many cortical 

maps (Hensch, 2004; Wiesel & Hubel, 1963). Accumulated evidence demonstrates that 

the mature sensory cortices, such as the primary visual cortex (V1), stay dynamic and 

have the capacity for significant plasticity. For instance, basic sensory perception can be 

influenced  by  prior  sensory  experience  and  training  in  adult  humans  and  animals 

(Gibson, 1953; Gilbert  et al.,  2009). The changes associated with cellular and synaptic 

plasticity are thought to be the underlying mechanisms for information storage, learning, 

and adaptative behavior regulated by the brain. 
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Long term potentiation (LTP), a long-lasting enhancement of synaptic transmission 

as a result of high frequency stimulation, was discovered by Bliss and Lomo in 1973. We 

now know that the synapse can be bi-directionally modified. The direction of synaptic 

change is determined by either reversing the stimulation order of pre- and postsynaptic 

cells  within  a  limited  time  window,  a  phenomenon  called  spike-timing-dependent 

plasticity (Froemke et al., 2005), or by regulating cortical activity for a period of time, 

which  shifts  the  threshold  for  LTP or  long-term  depression  (LTD)  induction,  called 

metaplasticity (Abraham, 2008; Abraham & Bear, 1996). The associative properties of 

spike-timing-dependent plasticity are a form of Hebbian plasticity which demonstrates 

the flexibility of synaptic strength, but does not account for the stability of the network. 

On the other hand, metaplasticity which allows shifts and changes of synaptic strength 

themselves, can act as a homeostatic mechanism that adjusts and maintains the stability 

of the overall neuronal circuitry. 

Homeostatic synaptic plasticity is  a form of plasticity that  globally regulates  the 

changes  in  synaptic  efficacy within  a  definite  ceiling  and floor  range  and modulates 

neuronal excitability to maintain average cellular activity at a specific, optimal set point 

range  (Davis  &  Goodman,  1998;  Turrigiano,  1999;  Turrigiano  &  Nelson,  2004). 

Prolonged changes in neuronal activity trigger compensatory modifications in synaptic 

function. In the monocular visual cortex, substantial reduction of sensory-induced activity 

with contralateral eye closure leads to multiple homeostatic regulations, such as increased 

network  excitability,  increased  spontaneous  firing  (Desai  et  al., 2002),  and  increased 

visual  responses  to  the  deprived  eye  (Mrsic-Flogel  et  al.,  2007).  Tsumoto  and Suda 

(1979) reported evidence consistent with this notion by stimulating (2 Hz) one of the 
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optic nerves for 15 min or more while recording in both V1 hemispheres of anesthetized 

kittens. LTP was successfully generated in the homosynaptic pathway and interestingly, 

LTD was found in the heterosynaptic pathway. However, this “cross-depression” could 

only be induced during the critical/sensitive period. Early studies often showed that, to 

induce persistent LTP in the adult visual cortex, blockade of the inhibitory system (i.e., 

GABAA receptor) and longer tetanus stimulation at lower frequencies was required (2-5 

Hz for 15 min–1 hr;  Artolat  & Singer,  1987; Tsumoto,  1990),  suggestive that LTP is 

normally  under  inhibitory  regulation  in  adult  animals.  In  2001,  Heynen  and  Bear 

demonstrated  a  reliable,  N-methyl-D-aspartic  (NMDA)  receptor-dependent 

geniculocortical LTP in the V1 of anesthetized rats, without GABAA receptor blockade, 

by delivering a pattern of brief tetanus stimulation (i.e., theta burst stimulation, TBS) that 

is  similar  to  hippocampal  LTP stimulation  protocols.  Many subsequent  studies  have 

examined  the  characteristics  of  this  geniculocortical  LTP  of  the  homosynaptic  or 

ipsilateral, uncrossed, direct visual pathway induced by TBS of the dLGN (Dringenberg 

et  al., 2007;  Kuo  &  Dringenberg,  2008);  however,  to  my  knowledge,  none  have 

investigated the changes of synaptic efficacy in the crossed, indirect, polysynaptic visual 

pathway of adult animals. 

Clapp and colleagues (2006) recently discovered that using visual stimuli, LTP was 

induced only in  the binocular  V1, while  recordings  obtained from the monocular  V1 

region  failed  to  show  consistent  enhancement.  The  study  of  differences  in  synaptic 

plasticity in the monocular and binocular divisions of V1 is a topic that has received little 

attention. This is probably due to the lack of clear architectural differences between these 

two cortical areas (Silvia   et  al., 1991;  Zilies  et  al., 1984). It is presumed that the only 
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difference between these two areas is that each one receives input from slightly different 

parts of the visual field, which would not translate into any obvious differences in basic 

synaptic  plasticity  mechanisms.  However,  McCoy  and  colleague  (2008)  recently 

demonstrated that activation of muscarinic acetylcholine receptors in V1 of the tree shrew 

produced persistent LTP in the binocular cortex and LTD in the monocular cortex. To 

date, studies of geniculocortical LTP have yet to distinguish between the monocular and 

binocular segments of the V1 in vivo (Heynen & Bear, 2001; Kuo & Dringenberg, 2008). 

Hence, the purposes of the present experiments were to investigate the crossed and 

uncrossed geniculocortical pathways by examining whether homeostatic phenomena can 

be observed in mature, anesthetized animals via electrical stimulating of the dorsal lateral 

geniculate nucleus (dLGN) of thalamus while recording in both hemispheres of V1. The 

recording electrodes were placed in either the monocular or binocular segments of V1 to 

investigate  and  compare  LTP  expression  between  these  two  areas.  Different  LTP 

induction  protocols  (weak  and  strong)  were  employed  for  a  more  detailed 

characterization. Additional pharmacological studies were conducted to further examine 

the role of NMDA receptors in the plasticity phenomenon I observed.    

 

4.2. Materials and Methods

4.2.1. Animals and Surgical Preparation

Experiments were conducted on male, adult Long-Evans rats (300-500 g, Charles 

River, Laboratories Inc., St. Constant, Québec) housed in groups of 4-5 (reversed 12 hr 

light/dark cycle, 7 am light off-7 pm light on) with food and water available ad libitum. 

All experiments were performed in accordance with published guidelines of the Canadian 
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Council  on  Animal  Care  and  approved  by  the  Queen's  University  Animal  Care 

Committee.

Animals were under deep urethane anesthesia (1.5 g/kg, i.p. as 3 x 0.5 g/kg doses 

every  20  min  and  supplemented  as  needed)  before  being  placed  in  a  stereotaxic 

apparatus. Body temperature was monitored by rectal probe and maintained between 35-

37oC with an electrical heating blanket throughout the experiment. Coordinates for all 

placements were chosen based on the anatomical work of Paxinos and Watson (1998). 

The skull was exposed and small skull holes were drilled overlying the dLGN (AP -3.5, L 

+ 3.7, V -4.5) and the ipsilateral and contralateral V1. For different experiments, both V1 

electrodes were aimed at either the monocular (AP -7.5, L ± 2.8, V -1.0) or binocular (AP 

-7.5, L  ± 4.0, V -1.0) segment of  V1. The final ventral placements of both the dLGN 

stimulation (concentric bipolar electrode, Rhodes Medical Instruments series, SNE-100, 

David  Kopf,  Tujunga,  CA)  and  V1  recording  electrodes  (125  μm  diameter  Teflon-

insulated stainless steel wire) were adjusted to yield the maximum field post synaptic 

potential (fPSP) amplitude and augmenting responses with paired-pulse stimulation (100 

ms interpulse intervals) of the dLGN. Four holes over the cerebellum and olfactory bulb 

were used to secure ground and reference electrode screws for each V1 recording site.  

4.2.2. Electrophysiology Recording

Field potentials in V1 evoked by single pulse (0.2 ms duration) dLGN stimulation 

were recorded differentially against the cerebellar reference connection. The signal was 

amplified, filtered (0.3 Hz -1 kHz), digitized (10 kHz), and stored for offline analyses 

(PowerLab/4s  system,  ADInstruments,  Toronto,  Canada).  Stimulation  pulses  were 
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provided by a stimulus isolation unit that provided a constant current output (PowerLab 

system with ML 180 Stimulus Isolator, ADInstruments). For each experiment, a 30 min 

stabilization period was given after final electrode positioning. Subsequently, an input-

output curve (0.1-1.0 mA with 0.1 mA increments)  was established and a stimulation 

intensity that yielded about 50-60% of the maximal fPSP amplitude was chosen for the 

experiment. 

4.2.3. Experimental Procedures

For each  rat,  a  recording  electrode was positioned in  both cortical  hemispheres, 

allowing concurrent recordings of responses elicited both ipsi- and contralaterally to the 

stimulation  site  in  the  dLGN.  Initially,  augmenting  responses  were  characterized  by 

applying two successive stimulation pulses to the dLGN (100 ms interval, repeated 10 

times every 5 sec). For all LTP experiments, 60 baseline fPSPs were recorded (every 30 

s) and recordings continued until a stable baseline were established (between 95-105 % 

of  the  average  baseline  amplitude).  Following  stable  baseline,  LTP was  induced  by 

applying different TBS induction protocols to independent groups of animals.  The TBS 

consisted of brief stimulation bursts (5 pulses at 100 Hz), which were repeated at a theta-

frequency of 5 Hz. To vary the strength of the induction protocol, independent groups of 

animals received one of the following TBS protocols: 1 cycle of TBS (1 TBS; i.e., one 

TBS burst only), 3 cycles of TBS (3 TBS; i.e., three bursts, repeated at 5 Hz), 4 cycles of 

TBS (4 TBS), 5 cycles of TBS (5 TBS), and 10 cycles of TBS (10 TBS). Control animals 

did not receive any TBS (0 TBS). Following the delivery of TBS, recordings of fPSPs 

(every 30 s) continued for 4 hours. My previous work had demonstrated that a 4 cycle 
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TBS  induction protocol  is  below  the  threshold  to  elicit  significant  potentiation  of 

synapses between dLGN and the ipsilateral V1. Other work has shown that 5 cycle TBS 

is  the  minimum induction  protocol  yielding  thalamocortical  LTP  (Dringenberg  et  al., 

2007).  However,  none of  these  previous  studies  have  distinguished  the  specific 

placements  of  the  V1  recording  electrode  (i.e.,  monocular  or  binocular  cortex  area). 

Hence,  several different stimulation protocols were used for a detailed comparison of 

LTP in monocular and binocular segments of V1, and for responses elicited by ipsi- and 

contralateral dLGN stimulation. 

Further groups of rats received the non-competitive NMDA receptor antagonist MK-

801  (Sigma  Chemicals,  Oakville,  Ont.,  Canada)  to  investigate  the  role of  NMDA 

receptors  in  fPSP  potentiation. After  30  min  of  stable  baseline  recording,  animals 

received a systemic injection of MK-801 (1mg/kg, i.p.)  and fPSPs were recorded for 

another 30 min before LTP induction with either 3 or 10 TBS in both monocular and 

binocular experiments. Again, recordings of fPSPs (every 30 s) were continued for 4 hr 

after TBS.

4.2.4. Histology  

At the end of the experiments,  all  animals were perfused through the heart  with 

0.9%  saline,  followed  by  10%  formalin.  The  brain  was  removed  and  immersed  in 

formalin  before  sectioning  (40  μm)  using  a  cryostat.  The  slices  were  mounted  onto 

microscope  slides  and  the  placements  of  the  electrodes  were  verified  using  standard 

histological techniques. Data from inaccurate placements were excluded from the data 

analyses.
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4.2.5. Data Analysis

All data are expressed as mean ± S.E.M.. The amplitude of fPSPs was measured and 

computed offline using Scope software (AD Instrument, V.3.6.5). Augmenting responses 

were computed for each animal with the averaged 10 paired fPSP waveforms, by dividing 

the  second  fPSP amplitude  by the  first  fPSP amplitude.  For  LTP experiments,  fPSP 

amplitude  values  were  averaged  over  10  min  intervals  and  these  averages  were 

normalized by dividing them by the average baseline amplitude of each animal. All data 

were statistically evaluated using repeated measures analysis of variance (ANOVA) and, 

if  statistically  appropriate,  by  simple  effects  tests  using  the  CLR  ANOVA software 

package (v.1.1, Clear Lake Research Inc., Houston, Texas). The level of significance for 

all statistical analyses was set at p < 0.05.

4.3. Results

4.3.1. Characteristics of fPSPs

Extracellular recordings showed clear differences in the fPSP waveform, depending 

on  the  recording  site.  Contralateral  to  the  dLGN  stimulation  site,  the  hemisphere 

consistently  yielded  fPSPs  of  smaller  amplitude  (~50%,  ipsilateral,  0.96  mV; 

contralateral, 0.43 mV), with a longer latency to peak (ipsilateral, 14 ms; contralateral 24 

ms) in comparison to fPSPs in the ipsilateral hemisphere (n = 69 ; Figure 4.1.). However, 

augmenting response elicited with paired pulse stimulation (100 ms interval) revealed a 

larger  amplitude  ratio  of  second/first  fPSP,  or  stronger  short-term  plasticity,  for  the 

smaller contralateral fPSPs than the ipsilateral fPSPs (ratio 2.48 & 1.28, respectively), an 

observation that suggests differences in the capacity to induce synaptic enhancements in 
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Figure 4.1. Sample field postsynaptic potentials (fPSPs) before (black) and after 4 theta 
burst  stimulation  (TBS)  recorded  in  the  ipsilateral  (red)  and  contralateral  (blue) 
hemispheres of the primary visual cortex (V1) in relation to the dorsal lateral geniculate 
nucleus (dLGN) stimulation site. Recording electrodes were placed in either the binocular 
(Left column) or monocular (Right column) segments of V1 in both hemispheres. Note 
the selective decrease in fPSP amplitude in the ipsilateral monocular cortex after TBS.
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the contralateral and ipsilateral hemisphere. The augmenting responses were similar in 

the binocular cortex and monocular cortex (1.90 & 1.86 respectively; n = 32 & n = 37, 

respectively).  However,  baseline  (i.e.,  non-potentiated)  fPSP  amplitude  in  both 

hemispheres appeared to be larger when recorded from the binocular cortex than from the 

monocular cortex (0.79 mV & 0.60 mV).

4.3.2. Assessment of fPSPs over time in the absence of TBS

Statistical comparisons between the control groups (0 TBS) and other TBS protocols 

for the various cortical areas and hemispheres were performed and summarized in Table 

1.  Further,  Fig.  4.2. shows  fPSP amplitude  in  all  control  conditions  (0  TBS  in  the 

monocular and binocular segments of both ipsi- and contralateral hemispheres). In the 

binocular cortex of both hemispheres, fPSP amplitude was fairly stable throughout the 

entire  recording  period,  with  average  amplitudes  of  105 ±  7.3% and 110 ± 6.6% of 

baseline for the ipsi- and contralateral hemisphere, respectively, during the 4th and final 

hour of recording (Fig. 4.2.; n = 5; main effects of time, Fcontralateral 25,100 = 1.207, p = 0.253; 

Fipsilateral 25,100 = 0.714, p = 0.831). However, in the monocular cortex of both hemispheres, 

fPSPs showed a significant enhancement over time in the absence of TBS, with average 

amplitudes during the 4th hour of recording at  123 ± 16.3% and 118 ± 5.5% for the 

ipsilateral and contralateral hemisphere, respectively (Fig.  4.2.;  n = 5; main effects of 

time, Fcontralateral 25,100 = 3.499, p < 0.001; Fipsilateral 25,100 = 2.526, p < 0.001). 

The  observation  that  fPSPs  in  the  monocular,  but  not  binocular  V1  showed 

enhancement over time in the absence of TBS was further explored by directly comparing 

fPSP amplitude in these two segments of V1 for both hemispheres. For the ipsilateral 



75
Table 1.
 
Comparison  Between  the  Control  Groups  (0  TBS)  to  Each  Stimulation  Protocol  at  
Different Recording Site

Stimulation 
Protocols

Monocular Cortex Binocular Cortex
Ipsilateral Contralateral Ipsilateral Contralateral

0 TBS Enhanced Enhanced Stable Stable
vs

3 TBS depression potentiation depression potentiation
4 TBS depression potentiation NS potentiation
5 TBS NS potentiation --- ---

10 TBS NS NS potentiation potentiation
Note. NS, non-significant; all significant level at p < 0.05
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Figure 4.2. Amplitude of field postsynaptic potential (fPSP) recorded in the binocular 
(Bino,  black)  or  monocular  (Mono,  red)  segments  of  the  primary visual  cortex  (V1) 
without theta burst stimulation (TBS) of the lateral geniculate nucleus (dLGN). The fPSP 
amplitudes are relatively stable in the binocular cortex when recording from both the 
ipsilateral (Ipsi) and contralateral (Contra) hemispheres relative to the dLGN stimulation 
site. There are significant increases in the fPSP amplitude over time in respond to single 
pulse stimulation (every 30 s)  of the dLGN for recordings in both the ipsilateral  and 
contralateral hemispheres of the monocular cortex of V1.
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hemisphere,  fPSPs in monocular and binocular cortex showed a significant difference 

over  time,  with  greater  fPSP amplitude  in  the  monocular  cortex  developing over  the 

course  of  the  experiment  (Fgroupxtime  26,208 =  2.019,  p  <  0.01).  In  contrast,  for  the 

contralateral  hemisphere,  the  differential  amplitude  increase  over  time  between 

monocular and binocular segments did not reach statistical significance (Fgroupxtime 26,208  = 

0.924, p = 0.575, Fig 4.2.). Therefore, the differential increase in fPSP amplitude between 

V1  segments  without  TBS  appears  to  be  particularly  pronounced  for  the  ipsilateral 

hemisphere,  but  less  pronounced  for  the  hemisphere  contralateral  to  the  dLGN 

stimulation site. 

4.3.3. Long-term potentiation: Summary of observations

 For fPSPs recorded in the monocular V1 of both ipsi- and contralateral hemispheres, 

significant time by group effects occurred when the five different LTP induction protocols 

were compared (i.e., 0, 3, 4, 5, 10 TBS; comparison of the five induction protocols for 

ipsilateral hemisphere, Fgroup 4,22 = 2.769, p = 0.053, Ftime 26,572 = 0.483, p = 0.986, Fgroupxtime 

104,572 = 2.071, p < 0.001; contralateral hemisphere, Fgroup 4,22 = 1.869, p = 0.152, Ftime 26,572 = 

8.247, p < 0.001, Fgroupxtime 104,572= 1.482, p < 0.01). Similarly, for fPSPs in the binocular V1 

of both ipsilateral and contralateral groups, the strength of the induction protocol exerted 

significant effects on fPSP amplitude when the four TBS protocols were compared (i.e., 

0, 3, 4, 10 TBS; ipsilateral hemisphere, Fgroup 3,17 = 4.972, p < 0.05, Ftime 26,442 = 3.446, p < 

0.001, Fgroupxtime 78,442 = 2.120, p < 0.001; contralateral hemisphere, Fgroup 3,17 = 5.710, p < 

0.01, Ftime 26,442 = 8.560, p < 0.001, Fgroupxtime 78,442= 2.853, p <0.001). These analyses confirm 

that the various induction protocols applied to the dLGN resulted in differential degrees 
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of synaptic potentiation (or depression) of fPSPs recorded in V1.

Table  1  depicts  the  specific  effects  on  fPSP amplitude  seen  with  various  TBS 

protocols in the monocular and binocular segments of both cerebral hemispheres. In the 

monocular cortex ipsilateral to the stimulation site, weak TBS (3 and 4 TBS) resulted in 

depression of fPSPs, while stronger TBS (5  and 10 TBS) did not produce significant 

changes relative to the control (0 TBA) condition. In contrast, the monocular segment of 

the contralateral V1 exhibited clear potentiation to all but the strongest TBS protocol (i.e., 

3, 4,  and 5 TBS). For the binocular cortex ipsilateral to the stimulated dLGN, 3 TBS 

elicited  depression,  4  TBS  did  not  result  in  changes,  and  10  TBS  elicited  clear 

potentiation of fPSP amplitude relative to controls  (0 TBS).  Finally,  the contralateral, 

binocular cortex showed significant potentiation to all tested TBS protocols (3, 4, and 10 

TBS). The most obvious conclusion that can be drawn from a simple examination of 

Table 1 is that the contralateral V1 is more prone to exhibit synaptic potentiation relative 

to  the  ipsilateral  cortex.  The  results  of  the  statistical  analyses  comparing  each  TBS 

protocol to its appropriate control (0 TBS) are presented in Table 2. 

4.3.3.1. Effects of 3 TBS

The effects of 3 TBS on fPSP amplitude were dependent on the hemisphere relative 

to dLGN stimulation, but did not differ between the monocular and binocular segments of 

V1 (see Table  1; Fig.  4.3.). In the contralateral V1, fPSP amplitude showed significant 

potentiation relative to controls (0 TBS) in both cortical segments following 3 TBS, even 

though there was some decay of fPSP amplitude during the 4 hours following TBS (4 th 

hour mean for monocular: 119 ± 13.9%, n = 6; binocular: 103 ± 6.5%, n = 5). In contrast, 
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Table 2.

Statistical Results Between the Control Groups (0 TBS) to Each Stimulation Protocol at  
Different Recording Sites

Stimulation 
Protocols

Monocular Cortex Binocular Cortex
Ipsilateral Contralateral Ipsilateral Contralateral

0 TBS  

vs
3 TBS F26,260 = 5.320

p < 0.001
F26,234 = 3.093

p < 0.001
F26,234 = 4.540

p < 0.001
F26,234 = 4.355

p < 0.001
4 TBS F26,260 = 6.197

p < 0.001
F26,234 = 4.050

p < 0.001
F26,234 = 1.355

p = 0.124
F26,234 = 3.181

p < 0.001
5 TBS F26,234 = 1.517

p = 0.057
F26,208 = 2.017

p < 0.01 --- ---

10 TBS  F26,234 = 0.879
p = 0.688

F26,208 = 1.329
p = 0.141

F1,10 = 5.134
p < 0.05

 F26,260 = 3.714
p < 0.001
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Figure 4.3. Amplitude of field postsynaptic potentials (fPSPs) recorded in the binocular 
(Bino, black) or monocular (Mono, red) segments of the primary visual cortex (V1) with 
3 cycles of theta burst  stimulation (3 TBS) of the lateral  geniculate nucleus (dLGN). 
Ipsilateral (Ipsi) to the dLGN stimulation site, significant depression of fPSP amplitude 
over time were found in both the monocular and binocular segments of V1 recordings. 
Contralateral (Contra) recordings at both the monocular and binocular segments of V1 
found  significance  fPSP  potentiations  following  TBS.  Insert:  Bar  graph  depicts  the 
average fPSP amplitude during the last hour (4th hour post TBS) for all groups. Filled bar: 
Contralateral hemisphere; non-filled bar: ipsilateral hemisphere; Black: Binocular cortex; 
Red: Monocular cortex. Note the same No-TBS groups shown in bar graph are the same 
groups presented in Figure 4.2.
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the ipsilateral V1 responded with significant depression to the same induction protocol 

(4th  hour mean for monocular:  84 ± 9.4%; binocular:  82 ± 3.8%). Statistical  analyses 

revealed that there was a main effect of hemisphere (F1,9 = 30.148, p < 0.001), but no 

main  effect  of  V1 segment  (F1,9  = 2.040,  p  =  0.187)  and no  significant  interactions, 

confirming that fPSPs in the contralateral cortex were of greater amplitude, regardless of 

monocular-binocular segment. 

4.3.3.1. Effects of 4 TBS

 Application of 4 TBS (Fig. 4.4.) resulted in synaptic potentiation of fPSPs in both 

contralateral V1 segments even though it decayed in the monocular segment (4th hour 

mean, monocular: 99 ± 15.9%, n = 6; binocular: 121 ± 10.2%, n = 5). The same protocol 

produced significant  levels  of depression in the ipsilateral,  monocular  segment  of V1 

relative to controls (0 TBS; 4th hour mean, monocular: 83 ± 8.9%; binocular: 112 ± 7.8%; 

see Table 1). Further analyses revealed that contralateral fPSP showed more enhancement 

than ipsilateral fPSPs, and binocular fPSPs showed more enhancement than monocular 

fPSPs. Statistical analyses confirmed that there was a significant main effect of laterality 

(F1,9 = 9.114,  p  < 0.01)  and V1 segment  (F1,9 =  5.208,  p  < 0.05),  but  no significant 

interaction. 

4.3.3.2. Effects of 5 TBS

The 5 TBS protocol (Fig. 4.5.) was evaluated only for the monocular segment of V1, 

where  it produced  significant  potentiation  of  contralateral,  but  not  ipsilateral  fPSPs 

relative to the control condition (0 TBS, see Table 1; 4th hour mean, n = 5; ipsilateral: 104 
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Figure 4.4. Amplitude of field postsynaptic potentials (fPSPs) recorded in the binocular 
(Bino, black) or monocular (Mono, red) segments of the primary visual cortex (V1) with 
4 cycles of theta burst  stimulation (4 TBS) of the lateral  geniculate nucleus (dLGN). 
Ipsilateral (Ipsi) to the dLGN stimulation site, significant depression of fPSP amplitude 
over time was only found in the monocular segments of V1 recordings. Binocular cortex 
recording  in  the  ipsilateral  hemisphere  displayed  some  degree  of  fPSP potentiation 
following TBS that is not significantly different from the corresponding control (No TBS) 
group. Contralateral (Contra) recordings at both the monocular and binocular segments of 
V1 found significance fPSP potentiations following TBS.  Insert:  Bar graph depicts the 
average fPSP amplitude during the last hour (4th hour post TBS) for all groups. Filled bar: 
Contralateral hemisphere; non-filled bar: ipsilateral hemisphere; Black: Binocular cortex; 
Red: Monocular cortex. Note the same No-TBS groups shown in bar graph are the same 
groups presented in Figure 4.2.
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Figure 4.5. Amplitude of field postsynaptic potentials (fPSPs) recorded in the monocular 
(Mono, red) segments of the primary visual cortex with 5 cycles of theta burst stimulation 
(5  TBS)  of  the  lateral  geniculate  nucleus  (dLGN).  Ipsilateral  (Ipsi)  to  the  dLGN 
stimulation site, the fPSP amplitude showed some degree of potentiation from baseline 
following  TBS,  but  this  group  is  not  significantly  different  from  the  corresponding 
control  (No  TBS)  group.  Contralateral  (Contra)  recordings  found  significance  and 
persistent fPSP potentiations following TBS when compared with the control animals 
(No TBS). Insert: Bar graph depicts the average fPSP amplitude during the last hour (4th 

hour  post  TBS)  for  all  groups.  Filled  bar:  Contralateral  hemisphere;  non-filled  bar: 
ipsilateral hemisphere; Red: Monocular cortex. Note the same No-TBS groups shown in 
bar graph are the same groups presented in Figure 4.2. 
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±  16.5%;  contralateral:  130 ±  12.3%). The  ANOVA comparing  fPSPs  in  the  two 

hemispheres revealed a significant interaction of laterality and time (F26,104 = 1.676, p < 

0.05), indicating that the difference between hemispheres emerged over the course of the 

experiment. 

4.3.3.3. Effects of 10 TBS

The 10 TBS protocol (Fig. 4.6.) did not elicit significant changes in the monocular 

cortex (4th hour mean,  n = 5,  ipsilateral:  121 ±  3.0%; contralateral:  140 ± 9.9%) but 

produced potentiation of the binocular cortex of both hemispheres when compared to the 

control conditions (0 TBS; see Table 1; 4th hour mean,  n = 6, ipsilateral:  118 ±  12.1%; 

contralateral: 161 ± 19.0%). However, an ANOVA comparing the four recording sites did 

not reveal significant main effects of laterality (F1,9 = 4.268, p = 0.069), V1 segment (F1,9 

= 1.086, p = 0.325), and no interaction among these factors (F1,9 = 0.185, p = 0.677). 

Importantly, there was an interaction of laterality and time (F26,234 = 11.135, p < 0.001), 

suggesting that contralateral fPSPs showed more potentiation than ipsilateral fPSPs, but 

this effect dependent on the time point of the experiment. 

4.3.4. Antagonist Experiments: MK 801

To assess the role of NMDA receptors in some of the effects noted with thalamic 

TBS  on  fPSPs  in  V1,  additional  groups  of  animals  received  the  NMDA receptor 

antagonist MK 801 (1.0 mg/kg, i.p.) and underwent one of either the 3 TBS or 10 TBS 

induction protocols. 
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Figure 4.6. Amplitude of field postsynaptic potentials (fPSPs) recorded in the binocular 
(Bino, black) or monocular (Mono, red) segments of the primary visual cortex with 10 
cycles of  theta  burst  stimulation  (10 TBS)  of  the  lateral  geniculate  nucleus  (dLGN). 
Binocular  cortex  recordings  in  both  the  ipsilateral  (Ipsi)  and  contralateral  (Contra) 
hemisphere showed significant fPSP potentiation following TBS in comparison to their 
corresponding  control  (No  TBS)  groups.  Monocular  cortex  recording  in  both  the 
ipsilateral and contralateral hemisphere also showed signs of fPSP potentiation following 
TBS;  however,  both  groups  are  not  statistically  significantly  different  from  their 
corresponding control  (No TBS) groups.  Insert:  Bar graph depicts  the average  fPSP 
amplitude during the last hour (4th hour post TBS) for all groups. Filled bar: Contralateral 
hemisphere;  non-filled  bar:  ipsilateral  hemisphere;  Black:  Binocular  cortex;  Red: 
Monocular  cortex.  Note  the  same No-TBS groups  shown in  bar  graph are  the  same 
groups presented in Figure 4.2. 
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4.3.4.1. Effects of 3 TBS with MK 801

As mentioned  above,  in  pharmacologically  untreated  rats,  application  of  3  TBS 

resulted in significant depression of fPSPs in the monocular V1 segment of the ipsilateral 

hemisphere. In animals injected with MK 801, this depressant effect elicited by 3 TBS 

was completely blocked (Fig.  4.7.,  n = 5;  4th hour mean, 114 ± 11.5%; Fgroupxtime 26,234 = 

2.979, p < 0.001). On the other hand, fPSPs in the monocular part of the contralateral 

hemisphere showed significant potentiation in the no-drug animals (see above), and this 

potentiating effect was actually enhanced by MK 801 treatment (4th hour mean, 172 ± 

44.3%;  Fgroupxtime 26,234 = 2.475, p < 0.001). 

In the binocular cortex of untreated rats, 3 TBS resulted in a significant depression 

and potentiation of ipsilateral and contralateral fPSPs, respectively (see above, Fig. 4.3.). 

MK 801 treatment did not block the ipsilateral depression (Fig. 4.8.; n = 6; 4th hour mean, 

85 ± 12.5%; Fgroupxtime  26,234 = 1.412, p = 0.095) or contralateral enhancement (4th hour 

mean, 125 ± 22.2%; (Fgroupxtime 26,234 = 0.862, p = 0.662), even though there also was a clear 

trend of MK 801 rats to exhibit more contralateral potentiation than that seen in untreated 

animals (Fig. 4.8.). 

4.3.4.2. Effects of 10 TBS with MK 801

As mentioned above,  for  recordings  obtain  in  the  monocular  segment  of  V1 of 

untreated rats, fPSPs tended to show greater potentiation in the contralateral relative to 

the ipsilateral  hemisphere (Fig.  4.6.;  but  see Table 1).  Animals  treated with MK 801 

exhibited smaller  ipsilateral  fPSP amplitude at  some time points  (i.e.,  during the last 

hour) of the experiment relative to untreated rats (Fig. 4.9.; n = 5; 4th hour mean, 95 ± 
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Figure  4.7. Effects  of  MK-801  (MK;  Green;  1  mg/kg,  i.p.)  on  changes  in  field 
postsynaptic  potential  (fPSP)  amplitude  recorded  in  the  monocular  segments  of  the 
primary visual cortex before and after 3 cycles of theta burst stimulation (3 TBS) of the 
lateral geniculate nucleus (dLGN). MK-801 reverse the depressive effect of TBS on fPSP 
amplitude  while  recording  in  the  ipsilateral  (Ipsi)  hemisphere.  In  the  contralateral 
(Contra) hemisphere, MK-801 did not block the fPSP potentiation following TBS; in fact, 
it appears to further facilitate the enhancement in fPSP amplitude. Note the same 3 TBS 
groups (Red) as in Figure 4.3. 
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Figure 4.8. Effects  of MK-801 (MK; Green;  1 mg/kg,  i.p.)  on the field  postsynaptic 
potential  (fPSP)  amplitude  recorded  in  the  binocular  segments  of  the  primary visual 
cortex   before  and  after  3  cycles of  theta  burst  stimulation  (3  TBS)  of  the  lateral 
geniculate nucleus (dLGN). MK-801 did not block the depressive effect of TBS on fPSP 
amplitude  in the ipsilateral (Ipsi) hemisphere. In the contralateral (Contra) hemisphere, 
MK-801 also did not block the fPSP potentiation following TBS; in fact, it appears to 
further  facilitate  the  enhancement  in  fPSP amplitude.  Note  the  same  3  TBS  groups 
(Black) as in Figure 4.3. 
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Figure  4.9. Effects  of  MK-801 (MK; Blue;  1  mg/kg,  i.p.)  on  the  field  postsynaptic 
potential  (fPSP) amplitude recorded in the monocular segments of the primary visual 
cortex  before  and  after  10  cycles of  theta  burst  stimulation  (10  TBS)  of  the  lateral 
geniculate nucleus (dLGN). MK-801 significantly suppressed the fPSP amplitude in the 
ipsilateral (Ipsi) hemisphere when compared with control animals. In the contralateral 
(Contra) hemisphere, MK-801 also did not block the fPSP potentiation following TBS. 
Note the same 10 TBS groups (Red) as in Figure 4.6. 
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10.8%; Fgroupxtime 26,208 = 1.759, p < 0.05). However, the potentiation in the contralateral, 

monocular  V1  that  developed  over  time  was  not  significantly  affected  by  MK  801 

administration (4th hour mean, 130 ± 5.7; Fgroupxtime 26,208 = 1.337, p = 0.136). 

In  the  binocular  cortex  of  untreated  rats,  10  TBS  elicited  potentiation  in  both 

hemispheres,  with  greater  levels  of  enhancement  for  contralateral  fPSPs  (see  above; 

Fig.4.6). Treatment with MK 801 appeared to block the ipsilateral potentiation (Fig. 4.10; 

n = 5; 4th hour mean, 104 ± 13.4%) compared to the no-drug animals, even though this 

effect  only  approached  statistical  significance  for  the  main  effect  of  drug  condition 

(Fgroupxtime 26,234 = 1.059, p = 0.392, Fgroup 1,26 = 3.840, p = 0.082). The potentiation in the 

contralateral hemisphere was not significantly affected by MK 801 treatment  (4th hour 

mean,  150 ± 20.0%; Fgroupxtime  26,234 = 0.698, p = 0.862; main effect  of group also not 

significant).  In summary,  it  therefore appears that  changes in synaptic strength in the 

ipsilateral  fiber  system  between  dLGN  and  V1,  particularly  for  the  monocular  V1 

division, are more sensitive to NMDA blockade relative to the crossed fiber system. 

4.4. Discussion

The present study demonstrated that TBS of the dLGN elicits different levels of 

changes in the synaptic transmission of the crossed, indirect, polysynaptic visual pathway 

and  the  uncrossed,  direct,  ipsilateral  visual  pathway.  Synaptic  potentiation  was  often 

induced in the crossed visual pathway and it was usually larger in magnitude than the 

LTP recorded ipsilaterally to the dLGN stimulation site. Interestingly, the induction of 

this  contralateral  LTP  is  independent  of  NMDA  receptors.  Further,  the  results 

demonstrated that there are remarkable differences between the monocular and binocular 
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Figure 4.10. Effects  of MK-801 (MK; Blue; 1 mg/kg,  i.p.)  on the field  postsynaptic 
potential  (fPSP)  amplitude  recorded  in  the  binocular  segments  of  the  primary visual 
cortex (V1) before and after 10 cycles of theta burst stimulation (10 TBS) of the lateral 
geniculate  nucleus  (dLGN).  MK-801  appears  to  block  the  fPSP potentiation  in  the 
ipsilateral  (Ipsi)  hemisphere  of  V1  following  TBS,  however,  this  effect  was  not 
significant  when  compared  with  the  control  animals.  In  the  contralateral  (Contra) 
hemisphere, MK-801 also did not block the fPSP potentiation following TBS. Note the 
same 10 TBS groups (Black) as in Figure 4.6.
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segments  of  the  V1  in  LTP expression  elicited  by  dLGN  TBS.  More  surprisingly, 

regardless of cortex segments, reliable NMDA-dependent LTD was induced ipsilaterally 

by a brief, weak TBS protocol. The results of the present investigation add to the current 

knowledge  on  polysynaptic  NMDA receptor-independent  LTP and  NMDA receptor-

dependent LTD in the mature V1. The results also provide evidence that the monocular 

and  binocular  segments  of  V1 appear  to  have  different  thresholds  for  LTP and LTD 

expression. Therefore, the mature V1 stays dynamic and exhibits complex expression of 

multiple forms of synaptic plasticity, which might then regulate the mechanisms involved 

in ocular dominance development and perceptual learning.  

The initial characterization of the fPSP waveform in the V1 elicited by ipsilateral 

dLGN stimulation demonstrated a waveform with a larger amplitude and shorter latency 

to peak, while a waveform with a smaller amplitude and longer latency to peak was often 

recorded  in  the  contralateral  visual  cortex.  Stimulation  of  the  dLGN  triggers  direct 

thalamocortical fibers and activates monosynaptic activity that subsequently spreads to 

more superficial  layers through intracortical connections (Heynen & Bear,  2001). The 

observed longer  latency to  peak  in  the  contralateral  fPSP is  likely a  reflection of  an 

indirect, longer-range input that transmits to V1 via commissural fibers, as there appears 

to be no direct monosynaptic connection between LGN and the contralateral V1 (Silveira 

et al., 1989). 

Axonal projection through the callosal fibers are one likely candidate for mediating 

crossed signals between the dLGN and V1. The callosal fibers have been proposed to 

integrate and generate the continuity of the visual field across the hemispheres mostly at 

the vertical midline of the visual space (Aboitiz & Montiel, 2003) and even between a 
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sides of the extreme periphery of the visual field (Houzel, et al., 2002; Olavarria & Van 

Sluyters, 1983). An interesting study done by  Sun and colleagues (1994) showed that 

blockage of transcallosal connections with GABA application to one hemisphere lead to a 

reduction  of  visually  evoked  responses  in  the  majority  of  neurons  in  the  untreated 

contralateral visual cortex hemisphere. Indeed, callosal connections have been found to 

promote synchronous activity in the two hemispheres (Houzel  et al.,  2003; Innocenti, 

2009) which has a significant influence on the level of cortical activity, and is potentially 

capable of regulating synaptic plasticity.  However, other fibers can also be involved in 

mediating crossed signals between dLGN and the contralateral V1, such as the superior 

colliculus. In rats, there exists a complicated, interconnected circuitry that often involves 

interhemispheric, sometime reciprocal, connections between the visual cortex, superior 

colliculus, thalamus, and brain stem (Faull  et al., 1986; Harvey & Worthington, 1990; 

Hayashi & Nagata, 1981; Zagorul'ko & Khachatryan, 1977). While the corpus callosum 

and the superior  colliculus are  two potential  pathways  connecting the dLGN and the 

contralateral V1, the possibility that signals can be transmitted via other commissural 

pathways, such as backward propagation and crosses at the optic chiasm or through the 

hippocampus, cannot be excluded. 

Examination  of  the  paired  pulse  ratio  (i.e.,  augmenting  response)  revealed  that, 

despite  the  small  fPSP amplitude,  the  contralateral,  crossed  visual  pathway  exhibits 

greater short-term plasticity (Creager  et al., 1980; Zucker, 1989)  and therefore, greater 

potential  for  synaptic  enhancement  in  comparison  to  the  ipsilateral,  uncrossed  visual 

pathway.  Indeed,  this  hypothesis  was  true  for  all  TBS  protocols  regardless  of  V1 

segments.  This  effect  is  not  a  compensatory  inhibition  of  the  synaptic  efficacy  as 
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predicted  by  homeostatic  theory,  in  fact,  it  is  opposite  to  the  “cross-depression” 

phenomenon found by Tsumoto and Suda (1979). They showed that LTP was induced in 

the homosynaptic pathway of V1 in kitten while LTD was found in the heterosynaptic 

pathway when one of the optic nerves was stimulated at 2 Hz for 15 min to 1 hr. In adult 

animals, they did not observe the same depressive effects on fPSP amplitude; however, 

they also did not report  synaptic enhancement.  In fact,  no LTP was elicited with this 

stimulation protocol even in the homosynaptic pathway in the mature V1. Hence, besides 

the age difference, the discrepancy may be also due to the different stimulation protocols 

employed  in  their  study (low  frequency,  long  duration)  and  the  present  study (high 

frequency, short duration). Tetanus or patterned stimulation mimicking physiologically 

occurring  theta  rhythm  is  one  of  the  most  effective  ways  for  altering  synaptic 

transmission in the hippocampus (Capocchi  et al., 1992; Larson et al., 1986) and in the 

neocortex  (Castro-Alamancos  et  al.,  1995;  Kirkwood  &  Bear  1994).  This  type  of 

stimulation protocol is also known to successfully induce thalamocortical LTP in adult 

sensory cortices without inhibition of the GABAergic system (Heynen & Bear, 2001; 

Speechley et al., 2007). 

 In the pharmacological experiments,  application of MK-801, the non-competitive 

NMDA receptor  antagonist,  failed to  block the induction of  LTP in the contralateral, 

crossed visual pathway regardless of the visual segments. LTP at a number of synapses is 

known to be independent of NMDA receptor activation, especially in the hippocampus 

(e.g., mossy fibers). Most of the NMDA receptor-independent LTP in the hippocampus is 

believe  to  be  homosynaptic  (Jaffe &  Johnston,  1990),  where  changes  in  synaptic 

transmission  are  confined  to  the  synapses,  rather  than  representing  some  global 
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modification of neuronal excitability that would affect many synaptic inputs. However, 

heterosynaptic  NMDA  receptor-independent  LTP  has  also  been  documented 

(Barrioneuvo,  1989;  Bradler  &  Otani  et  al.,  1995).  In  the  rat  visual  cortex,  NMDA 

receptor-independent  LTP was first  found in  layer  2/3 pyramidal  cells  of  young rats, 

using low frequency stimulation protocol (2 Hz for 15 min; Ohmura  et al., 2003). Similar 

to the hippocampus,  low threshold voltage-dependent Ca2+ channels (T or R-type) are 

required for the induction of NMDA receptor-independent LTP in the visual cortex of 

developing  animals  (Komatsu,  1994;  Ohmura   et  al.,  2003).  Using  a  high  frequency 

tetanus stimulation parameter (100 Hz for 200 ms train), Aroniadou and Teyler (1991) 

were able to induce NMDA-independent LTP in layer III of the V1 slice in response to 

white  matter  stimulation  in  adult  rats.  Bath  application  of  DL-2R-amino-5-

phosphonovalerate, the NMDA receptor antagonist, did not block LTP elicited by tetanus 

stimulation,  in  fact,  LTP induction was further  enhanced with  greater  magnitude and 

faster expression with the presence of AP5. This is similar to the findings of the present 

study  where  systemic  injection  of  MK-801  appeared  to  further  enhance  LTP in  the 

crossed  visual  pathway,  especially  when  weak  TBS  (i.e.,  3  TBS)  was  employed. 

Therefore, in adult rats, blockade of NMDA receptors during tetanus stimulation appears 

to facilitate LTP in certain conditions. 

 During  the  critical  period,  induction  of  V1  LTP is  easier  and  often  larger  in 

magnitude than during adulthood. Visual deprivation has been shown to postpone the 

NR2B/NR2A subunits alteration of the NMDA receptor (Nase et al., 1999; Quinlan et al., 

1999) which suggests that the NR2 subunit composition is involved in controlling the 

threshold for synaptic plasticity (Yoshimura   et al., 2003; see also Yashiro & Philpot, 
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2008).  Therefore,  the adult  neocortex's  ability to  induce  NMDA receptor-independent 

LTP suggests  that  it  may compensate  for  the  decline  of  NMDA receptor  activity  by 

enhancing  the  efficiency of  other  mechanisms  that  maintain  synaptic  plasticity.  Such 

mechanisms may include changes in distribution and modulation of voltage-gated Ca2+ 

channels,  changes  in  the  expression  of  non-NMDA/α–amino-3-hydroxy-5-methyl-4-

isoxazole  propionic  acid  (AMPA)  receptors,  changes  in  the  pre-  or  postsynaptic 

mechanisms that occur with maturation (e.g. receptor location or kinetics), or changes in 

the regulation of the inhibitory system. From the results of the present study, it is hard to 

speculate  which  mechanism(s)  is/are  involved  since  the  NMDA receptor-independent 

LTP is polysynaptic in origin, adding an extra level of difficulty in pinpointing the exact 

brain  region  or  regions  where  the  synaptic  facilitation  occurred  in  respond  to  the 

contralateral  dLGN  stimulation  in  the  adult  animals.  Clearly  further  investigation  is 

needed to address these issues. 

Altogether, the enhanced polysynaptic LTP in the crossed, indirect visual pathway 

appears to be a novel form of synaptic plasticity in the adult neocortex.  This type of 

enhanced synaptic plasticity between dLGN and the contralateral hemisphere might be 

the underlying mechanism for certain visual adaptation effects. Allen (1923) found that, 

during bright adaptation of one eye, an increase in light sensitivity in the other eye is 

often  observed,  a  phenomenon  termed  “reflexive  enhancement  of  sensitivity”. 

Furthermore, this phenomenon is not restricted to the visual cortex since there is evidence 

for similar effects in other sensory regions, such as performing taste adaptation at one 

locus of the tongue, which resulted in increases in the sensitivity at other loci (Allen & 

Weinberg, 1925). Sensory adaptation is a critical and powerful tool for survival that can 
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be found in  adult  animals.  Furthermore, there  is  evidence  that  visual  adaptation  can 

significantly change visual perception (Rossetti et al., 1998) which can involve long term 

changes in higher cortical functions with the changes in synaptic transmission being a 

possible underlying mechanisms.  

The fPSP recorded in the ipsilateral visual pathway is frequently larger in amplitude 

with faster latency to peak relative to the crossed pathway.  The results of the present 

study  for  the  ipsilateral  visual  pathway  were  largely  expected,  with  increased  TBS 

intensity eliciting more fPSP potentiation. Surprisingly, weak stimulation protocols (3 or 

4  TBS)  did  not  produce  LTP over  time;  rather,  LTD-like  synaptic  depression  was 

observed instead. The development of LTD following weak TBS appeared to be gradual 

and  it  often  required  more  than  60  min  to  show  significant  fPSP  depression.  For 

recordings from the monocular segment of V1, both weak stimulation protocols of 3 and 

4 TBS showed similar patterns of fPSP amplitude depression and the application of MK-

801 appeared to block this depressive effect elicited by 3 TBS. Application of 5 TBS to 

the  dLGN  showed  no  obvious  synaptic  potentiation  or  depression  over  time  when 

recorded from the ipsilateral monocular segment of V1. In contrast, for the recordings 

from the  binocular segment of V1, only the 3 TBS protocol resulted in a reduction of 

fPSP amplitude over time. There appeared to be a transient,  small fPSP enhancement 

immediately following TBS (~ 60 min)  prior to the gradual  reduction and eventually 

plateauing  of  the  fPSP amplitudes  at  about  80% of  baseline.  Furthermore,  MK-801 

appeared to have no effect on this LTD-like reduction in fPSP amplitude. On the other 

hand, 4 TBS stimulation of the dLGN elicited a robust ipsilateral LTP when recorded 

from the binocular segment of V1. 
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The persistent weakening of synaptic strength or LTD may well be as important as 

LTP in learning and development. The first reported homosynaptic LTD was induced at 

the Schaffer collateral synapse of the hippocampus slice in 1992 (Dudek & Bear, 1992; 

Mulkey & Malenka, 1992), and it established the standard LTD induction protocol, which 

consists of prolonged, repetitive, low frequency stimulation (0.5-3 Hz, 600-900 pulses) 

and is often employed in the hippocampus and neocortex. Here, I demonstrated a novel 

stimulation  protocol  for  inducing  LTD  in  vivo  that  uses  brief  (<1 s)  high  frequency 

stimulation (100 Hz x 5, 5 Hz train), and requires remarkably few stimulation pulses (3-4 

TBS with a total of 15-20 pulses). Unlike the LTD induced by the standard low frequency 

protocol, immediate fPSP amplitude depression following TBS was not typical in this 

type of LTD, which often showed a gradual decline. Note that the typical, low frequency 

induced LTD in the neocortex usually has a long induction time (15-30 min). Whether the 

fPSP also shows gradual depression during the induction is unclear and clearly further 

investigation is  required.  Nevertheless, this  high frequency induced LTD shares some 

features  with  the  low  frequency  induced  LTD  in  the  visual  cortex,  such  as  NMDA 

receptor-dependence. Also, in the mature visual cortex, Tsanow and Manahan-Vaughan 

(2007) found that low frequency stimulation (3 Hz) of the dLGN induces LTD and LTP in 

freely moving animals that received acute 12 hr light and dark exposure, respectively. In 

the superficial layer, LTD following high frequency stimulation of the white matter has 

also been reported in the adult visual cortex, in vitro (5 x 2s train 50 Hz every 10 s, Artola 

& Singer 1990; 7 or 25 Hz for 10 min,  Berry  et al.,  1989). The polarity of synaptic 

changes depends on the level of depolarization of the postsynaptic membrane,  where 

LTD  appears  to  require  a  minimum  depolarization,  hence,  it  has  a  lower  induction 
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threshold than LTP (Artola & Singer, 1990). These observations are consistent with the 

Bienenstock-Cooper-Munro  model  of  bidirectional  synaptic  plasticity  that  suggests  a 

cross point, the modification threshold, where the synaptic change polarity switches from 

depression to potentiation or vice versa. This threshold can be modified as a function of 

postsynaptic  activity  (Bear,  2003).  In  the  present  experiments,  the  results  also 

demonstrate a certain degree of agreement with the Bienenstock-Cooper-Munro model 

despite the differences in stimulation protocols and experimental preparations. The results 

show that different modification thresholds exist for different cortical segments. While 

the 5 TBS appears to be the threshold where synaptic change polarity changes in the 

monocular segment of V1, under the present experimental condition, the threshold was 

between 3 and 4 TBS (or between 15 and 20 pulses) in the binocular segment of V1. 

Whether the modification thresholds of different cortical segments can be modified to the 

same  degree  by  sensory  experience  is  another  interesting  question  for  future 

investigation. 

A previous ipsilateral thalamocortical LTP study in the mature V1 showed that 5 

TBS is the minimum threshold that induced weak LTP (Dringenberg  et al., 2007). As 

well,  my  previous  experiments  also  showed  that  4  TBS  produced  little  or  no  LTP 

(Chapter 2). However, these previous studies did not distinguish or compare between the 

monocular  and  binocular  segments  of  the  V1 as  the  recording  electrodes  were  often 

located in the border of these two cortical segments. In previous 4 TBS experiments, no 

change in fPSP amplitude is likely the result of indiscrimination of the recording site, 

since  the  present  study  showed  that  weak  stimulation  protocol  induced  LTP in  the 

binocular segment and LTD in the monocular segment. The results of the present study 



100
indicate that binocular cortex has a lower threshold for LTP than the monocular cortex. 

The LTD induced in the binocular V1 elicited by brief, weak TBS appears to be different 

to  low  frequency  induced  LTD  in  the  monocular  segment  since  NMDA-receptor 

antagonist failed to block the depressive effect of fPSP amplitude following weak TBS.

The induction of LTD usually depends on NMDA receptors (Mulkey & Malenka, 

1992), increases in postsynaptic Ca2+ level (Malenka & Bear, 2004), and protein synthesis 

(Sajikumar & Frey, 2003). Interestingly, the induction of metabotropic glutamate receptor 

(mGluR)-dependent LTD is often observed along with NMDA receptor-dependent LTD 

induction in the hippocampus (Kemp et al., 2000; Lee et al., 2003). The mGluR has been 

found to regulate visual cortex LTP (Tsanov & Manahan-Vaughan, 2009) instead of LTD 

(Sawtell  et al., 1999). In layer five of the visual cortex slice, a third form of LTD that 

requires  the activation  of  both the postsynaptic  cannabinoid  receptor  and presynaptic 

NMDA receptor  has  also  been  reported  (Sjöström et  al.,  2003).  It  is  unclear  what 

mechanisms are involved in the LTD recorded in binocular V1 following weak TBS. 

Further investigation with mGluR and cannabinoid receptor antagonists are necessary and 

perhaps new mechanisms will be discovered. 

A strong stimulation protocol (10 TBS) of the dLGN elicited robust fPSP amplitude 

potentiation recorded from the ipsilateral binocular segment of V1. A trend of reduced 

fPSP amplitude was observed with MK 801 treatment, but the difference did not reach 

statistical significance (p = 0.08), perhaps due to the smaller group size (n = 5, MK 801). 

Given that, in the 3 TBS condition, the results showed that LTD recorded in binocular V1 

is NMDA receptor-independent, adding more animals to the strong induction group may 

clarify the role of NMDA receptors in the induction of LTP at the binocular V1. In the 
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monocular  segment  of  V1,  a  small  fPSP potentiation  was  elicited  in  the  ipsilateral 

hemisphere as a result of strong stimulation protocol. However, the control animals (No 

TBS) also demonstrated a slight, yet significant gradual increase in fPSP amplitude over 

time due to periodic (every 30 s) single pulse stimulation of the dLGN. Therefore, no 

statistically significant difference was found between these two groups. This suggests that 

in monocular V1 it may be more difficult to induce synaptic potentiation and perhaps, it 

is also more sensitive in that periodic weak electric pulses are sufficient to alter the basal 

fPSP activity level. Application of MK801 along with strong TBS, however,  showed 

statistical significance depression of fPSP amplitude. Hence, regardless of whether the 

fPSP amplitude enhancement in the monocular V1 is due to the periodic single pulse 

stimulation, the strong TBS, or both, there is evidence of NMDA receptor involvement. 

Only one  strong stimulation  protocol  was  chosen  in  the  present  study as  a  previous 

thalamocortical LTP study suggested that 10 TBS induces similar LTP magnitude as 20 or 

40 TBS (Dringenberg  et al., 2007). Again, this study did not differentiate between the 

monocular and binocular segment of V1 and the finding may be mainly reflecting the 

disposition  for  LTP of  the  binocular  V1 characteristic.  Hence,  a  stronger  stimulation 

should be utilized to investigate whether more potentiation of fPSP amplitude can be 

achieved in the monocular V1.  

The results of the present study confirm previous findings that a difference exists 

between the monocular and binocular V1 in synaptic plasticity expression. Clapp and 

colleague (2006) employed a photic tetanus of checkerboard visual stimuli that induced 

LTP only in the binocular segment of V1 whereas the monocular cortex showed little or 

no potentiation of VEPs following photic tetanus. Similarly, in the visual cortex of tree 
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shrews (that shows separate and clearly defined monocular and binocular regions), the 

activation of muscarinic ACh receptors with direct application of carbachol, a cholinergic 

agonist, resulted in the expression of LTP recorded in the superficial layers of binocular 

region,  and LTD in  the  monocular  region  (McCoy  et  al.,  2008).  In  my experiments, 

recording in the monocular segment of V1 showed more LTD elicited by weak TBS and 

smaller  potentiation  elicited  by strong  TBS in  comparison  to  the  binocular  segment. 

Therefore,  the  results  of  the  present  study  also  demonstrated  that  there  is  a  clear 

difference between these two cortical areas, and that LTP is also more difficult to induce 

in  the  monocular  than  the  binocular  region.  Furthermore,  the  recording  from  the 

monocular segment also showed more sensitivity to changes in basal fPSP activity level 

over time than the binocular segment. My previous experiments also demonstrated that 

sensory  induced  LTP in  the  monocular  V1  can  be  achieved  if  the  animal  receives 

adequate, acute dark exposure immediately before the induction (Chapter 3). This poses 

the possibility that the monocular region is more easily influenced by direct afferent input 

and,  thus,  the  modification  threshold  can  be  altered  more  readily.  This  might  be the 

reason that hinders the induction of LTP development in monocular cortex following TBS 

in the present experimental condition. More experiments are needed to further explore 

this hypothesis. 

Even  though  clear  cytoarchitectonic  boundaries  between  the  monocular  and 

binocular areas of V1 are lacking in rats, some differences between these two cortical 

areas  can  still  be  detected  using  computer-aided  quantitative  cytoarchitecture  and 

autoradiography (Reid & Juraska, 1991; Zilles et al., 1984). The monocular area shows a 

more striated appearance and has thicker and more densely packed granule cells in layer 
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II, IV, and the lower part of layer V. Furthermore, layer IV and V of the monocular cortex 

have similar thickness and layer VI is much larger than layer II-III or IV-V; meanwhile, 

layer V is thicker than IV in the binocular area and layer VI is not much larger than layer 

II-III or IV-V. Interestingly, more myelinated fibers were found in the binocular than the 

monocular area and acetylcholinesterase staining showed the reverse relationship, with 

higher density in the monocular than the binocular area (Zilles et al.,  1984). Therefore, 

there are clear anatomical differences in cortical layers and geniculo-cortical inputs to the 

monocular and binocular V1, which can contribute to the different synaptic plasticity 

expressions  observed  in  these  two  cortical  areas  when  dLGN  was  activated. 

Consequently,  it  is  important  to  distinguish  between  these  two  cortical  areas.  As 

demonstrated  here,  there  are  clear  differences  between  the  LTP and  LTD  induction 

thresholds  in  these  two  areas.  Further  characterization  of  synaptic  plasticity  and  the 

differential mechanisms between the monocular and binocular V1 is required, as these 

two  areas  may  play  different  roles  in  ocular  dominance  during  development  and 

perceptual learning, or even adaptation during adulthood. 

In  conclusion,  the  present  study  yielded  exciting  and  important  findings  about 

visual cortex plasticity of adult, anesthetized animals. The stimulation of dLGN not only 

induces synaptic changes in the ipsilateral V1, but even more pronounced effects were 

found in the crossed visual pathway. Even when using a weak stimulation protocol that 

usually induces little or no LTP in the ipsilateral visual tract, a robust NMDA receptor-

independent  LTP  was  recorded  in  the  contralateral  hemisphere.  A  more  detailed 

characterization showed a surprising, novel way to induce LTD in vivo: Weak stimulation 

protocols consisting of very brief tetanus stimulations successfully produced long lasting 
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LTD. In the present study, NMDA receptors are involved in some, but not all cases of 

synaptic changes. Many different forms of visual synaptic plasticity have been discovered 

in  the last  decade involving mechanisms other  than the NMDA receptor.  Finally,  the 

results  confirmed  that  the  monocular  and  binocular  segment  of  V1  exhibit  different 

synaptic expression, with the former displaying a higher threshold for LTP than the latter. 

The findings of the present experiment add to the current knowledge of mature visual 

cortex  plasticity.  However,  further  research  is  needed  to  understand  the  underlying 

mechanisms that may play important roles in perceptual learning and visual adaptation.
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 Chapter  5 

Modulatory Role of Acetylcholine in the Barrel 

Cortex 

parts published in “Input-selective potentiation and rebalancing of primary sensory cortex afferent by 
endogenous acetylcholine” by Kuo, M-C., Dringenberg, HC., and Rasmusson, D.D. 2009. Neuroscience,  
Vol. 163, pp.430-441.
 

5.1. Abstract

Acetylcholine (ACh) plays important roles in the modulation of activity and plasticity of 

primary sensory cortices, thus, influencing sensory detection and integration. Here, in the 

barrel  cortex  of  urethane-anesthetized  adult  rats,  cholinergic  modulation  of  sensory 

induced neural activity was studied. Stimulation of the basal forebrain (BF) enhanced 

multi-unit activity elicited by whisker deflection in a muscarinic-sensitive manner. This 

effect was more pronounced for weaker multiunit activity driven by a surround whisker 

than activity following principal whisker deflection. These experiments demonstrate that 

ACh release following BF stimulation  exerts  surprisingly selective effects  to  amplify 

non-dominant  inputs  to  sensory  cortices,  suggestive of  a  reduction  in  the  imbalance 

between  different  afferent  signals.  Thus,  ACh  release  during  states  of  behavioral 

activation may act to induce a long-lasting facilitation of the detection and/or integration 

of signals in primary sensory fields of the cortical mantle. 
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5.2. Introduction

   Cortical and subcortical (e.g., thalamic) release of acetylcholine (ACh) has long 

been  implicated  in  the  modulation  of  sensory  processing,  cognitive  and  attentional 

functions, and synaptic plasticity in primate and sub-primate species (Edeline, 2003; Gu, 

2003; McCormick,  1989; McGaughy  et al.,  2000; Rasmusson, 2000; Sarter & Bruno, 

2000; Semba, 2000; Thiel, 2007). A primary function of ACh lies in the regulation of the 

cortical activation state, with elevated levels of ACh facilitating the appearance of high 

frequency  (beta,  gamma),  low  amplitude  activity  in  the  electrocorticogram (ECoG) 

(Buzsáki  et al., 1988; Détári  et al., 1999; Duque  et al., 2000; Metherate  et al., 1992; 

Vanderwolf, 1998). Increases in ACh and the associated ECoG activation during specific

behavioral states (waking, rapid eye movement sleep) exert profound effects on cortical 

sensory transmission. For example, in the primary somatosensory cortex (S1), release or 

application of ACh, or the appearance of ACh-related ECoG activation typically results in 

facilitation of neuronal responses in rodents, cats, and monkeys (Lamour  et al., 1988; 

Montplaisir, 1975; Tremblay et al., 1990). More importantly, ACh appears to exert highly 

selective,  input-specific  effects  in  S1,  with  a  profound  suppression  of  intracortical 

connections,  but  relatively  little  effect  on  thalamocortical  inputs  (Oldford  &  Castro-

Alamancos, 2003), a pattern also seen in other sensory fields (e.g., piriform cortex and 

V1;  Hasselmo & Bower,  1992;  Kimura  et  al.,  1999).  Thus,  one  of  the  functions  of 

cortical  ACh  release  and  ECoG  activation  appears  to  lie  in  the  amplification  of 

thalamocortical  sensory  signals  relative  to  intrinsic  cortical  transmission,  an  effect 

directly opposite to the disconnection of the cortical mantle from thalamic inputs during 

states of cortical deactivation (e.g., slow wave sleep; Steriade, 2000). In addition to this 
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state-dependent, online modulation of sensory and intracortical transmission, ACh also 

impacts the induction and maintenance of long-lasting plasticity in neocortical networks. 

Application of exogenous ACh, or release of endogenous ACh by basal forebrain (BF) 

stimulation can enhance the responsiveness of neurons in S1 to peripheral stimulation for 

periods of several hours (Metherate et al., 1987; Rasmusson & Dykes, 1988; Verdier & 

Dykes, 2001; review by Rasmusson, 2000). Elegant work by Weinberger and colleagues 

has  shown  that  the  BF  cholinergic  system  mediates  receptive  field  plasticity  of  rat 

auditory  cortex  neurons  during  associative  learning  experiences  (for  reviews,  see 

Weinberger, 2004, 2007), and equivalent results have been obtained in humans (Thiel, 

2007; Thiel et al., 2002).  

The previous data indicate that  ACh modulates activity in cortical  sensory fields 

along multiple temporal scales: a dynamic, online regulation of cortical excitability and 

receptivity  to  incoming  sensory  signals,  and  a  slower,  long-lasting  enhancement  of 

synaptic coupling. For the latter, there currently is little information regarding a possible 

synapse-  or  pathway-selective  role  of  ACh to  influence  synaptic  strength  in  cortical 

sensory areas. Eggermann and Feldmeyer (2009) showed that, in slices of S1, application 

of ACh in layers II/III and V has an excitatory effect via muscarinic receptor stimulation, 

while application in the thalamo-recipient layer IV has an inhibitory effect, suggestive of 

a differential sensitivity of separate classes of synapses to cholinergic modulation. Here, I 

compare  the  effect  of  endogenous  ACh  release  to  induce  long-lasting  increases  in 

neuronal activity in response to different afferent inputs to S1 (barrel cortex) in vivo. The 

role of cholinergic muscarinic receptors was assessed by pharmacological manipulations. 
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5.3. Materials and Methods

5.3.1. Animals and Surgical Preparation

All  procedures  were  carried  out  in  accordance  with  guidelines  of  the  Canadian 

Council on Animal Care and were approved by the Animal Care Committees of Queen’s 

University and Dalhousie University. Adult, male Long-Evans rats (300-500 g), housed in 

a colony room (reversed 12/12 h light cycle, 7 am to 7 pm) with free access to food and 

water, were used. Experiments were conducted under deep urethane anesthesia (1.5 g/kg, 

administered  as  three  doses  of  0.5  g/kg  each  every  20  min  i.p.,  supplemented  as 

necessary).  Rats  were  placed  in  a  stereotaxic  instrument  (David  Kopf  Instruments, 

Tujunga,  CA)  and  body temperature  was  monitored  by  rectal  probe  and  maintained 

between 36-37°C by an electric heating pad (Sunbeam, Shelton, CT) and cotton blankets 

wrapped around the animal. The skull was exposed and 1 mm holes were drilled at the 

following coordinates (all in mm from bregma point, midline, and skull surface): BF, AP 

-1.0, L +2.7, V -7.5.  Small screws placed in the skull above the cerebellum to serve as 

reference and stimulation return electrodes.  A small  piece of bone (about 2 x 4 mm) 

overlying S1 was removed, the underlying dura carefully peeled back, and warm oil was 

applied  to  the  cortical  surface to  prevent  tissue dehydration  during the  course  of  the 

experiment. Subsequently, a microelectrode was lowered into the superficial S1 (~100-

300 μm). Tactile stimuli (light pressure to the skin, deflection of whiskers) were used and 

repeated penetrations were performed until a barrel had been located (i.e., cortical units 

responded strongly to whisker deflection). Subsequently, the depth of the electrode was 

adjusted to optimize bursts of multi-unit activity to deflection of the principal whisker, as 

well  as  a  secondary  (surround)  whisker,  which  was  always  located  adjacent  to  the 
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principal whisker. The electrode remained at that location and all other whiskers on the 

snout contralateral to the S1 recording site were cut, leaving only the principal and one 

secondary whisker for formal data collection.

5.3.2. Electrophysiology

Stimulation of the BF (0.2 ms negative pulses, 1 mA, 100 Hz, applied as ten 0.5 s 

bursts  every 10 s)  was  provided  by a  monopolar  electrode  (125  μm diameter  Teflon 

insulated stainless steel wire) connected to a stimulus isolation unit providing constant 

current output (PowerLab 4/s  system with ML 180 Stimulus Isolator,  ADInstruments, 

Colorado  Springs,  Colorado).  Multi-unit  activity  in  S1  was  recorded  using  tungsten 

microelectrodes  (0.005  in,  2-5  MΩ  impedance,  A-M  Systems  Inc.,  Carlsborg,  WA) 

advanced by means of a microdrive. Signals were amplified, band pass filtered (200 Hz 

to 1 kHz), passed through a Humbug noise eliminator (Quest Scientific, Vancouver, BC), 

monitored on an oscilloscope and audio speaker, and stored for subsequent analysis. In 

addition, during the majority of experiments, cortical ECoG activity was recorded before 

and after BF stimulation by means of an additional low impedance electrode placed in S1 

adjacent to the microelectrode.

5.3.3. Experimental Procedures

Multi-unit activity in S1 was recorded in response to deflection (manually using a 1 

g Von Frey hair) of the principal and secondary whisker (20 deflections each, randomized 

order).  Subsequently,  BF stimulation  was  applied  (as  above)  and whisker  deflections 

were repeated at  5,  30,  and 60 min after  BF stimulation.  Independent  groups  of  rats 
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received the muscarinic receptor blocker, scopolamine (5 mg/kg, i.p.), 30 min prior to the 

onset of data collection. At the end of all experiments, rats were perfused through the 

heart with 0.9% saline, followed by 10% formalin. Brains were removed from the skull, 

fixed in formalin for at  least  24 h, and standard histological techniques were used to 

examine the placements of electrodes and microdialysis probes. Data from experiments 

with inaccurate placements were discarded.

5.3.4. Data Analysis

Data  are  expressed  as  mean  ±  SEM.  All  electrophysiological  recordings  were 

analyzed by means  of  automatic  signal  processing functions  in  the software package 

Chart (v. 5.4) running in conjunction with the PowerLab 4/s data acquisition system. For 

ECoG activity, 10 s epochs recorded before and after BF stimulation were subjected to 

spectral analyses (Chart software) to determine power in the frequency range of 1.5 to 30 

Hz. Multi-unit activity elicited by whisker stimulation was quantified during 1 s time bins 

following  each  whisker  deflection  by  an  automated  event  count  function  (Chart 

software). For each rat, the threshold for spike detection was adjusted to at least 2 times 

of the background cortical activity.

In addition, to assess whether BF stimulation was effective in altering the  relative 

strength of responses elicited from the principal and secondary whisker, ratios of these 

responses before and after BF stimulation were calculated, as follows: spike count for 

principal  whisker/spike  count  for  secondary whisker.  Consequently,  a  decrease in  the 

ratio is indicative of a relative enhancement of the non-dominant responses (secondary 

whisker), and vice versa. For statistical analyses, two-way analysis of variance (ANOVA) 
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were computed using the software package CLR ANOVA (v. 1.1, Clear Lake Research 

Inc., Houston, Texas). When different groups of animals were compared, analyses were 

conducted with experimental group as between subjects factor and time as within subjects 

factor. In cases of significant group by time interactions in the initial two-way ANOVA, 

simple effects tests were computed to determine the time point(s) of the experiment when 

experimental groups differed from one another. Additional two-way, repeated measures 

ANOVAs were calculated to assess differences between principal vs. secondary whisker 

responses in S1 in the same animals. For these analyses, the within subjects factors of 

time and whisker were used, with whisker nested under time.

5.4. Results 

Activity in the barrel cortex was tested by examining the effects of BF stimulation 

on multi-unit responses evoked by stimulation of the principal and secondary (surround) 

whiskers, constituting the major and non-dominant inputs to a given barrel, respectively. 

Even though no attempt was made to select cells from specific cortical layers, the large 

majority  (>  90%) of  neurons  recorded were located  in  infragranular  layers  at  depths 

between 1000-1500 μm. Recordings were optimized so that multi-unit responses could be 

reliably triggered by deflection of both principal and secondary whiskers, with a greater 

number  of  spikes  detected  for  the  principal  whisker  during  the  1000  ms  time  bin 

following deflection  (Fig. 5.1.; averages of 7.9 ± 1.1 and 5.6 ± 0.9 spikes for principal 

and secondary whisker, respectively, ratio of 1.41; n = 17).

In non-drug treated rats (n = 17), BF stimulation exerted clear effects on the strength 

of multi-unit responses measured immediately after stimulation, with 12/17 sites showing 
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Figure 5.1. The effect of BF stimulation (BF Stim.) on multi-unit responses in the barrel 
cortex  elicited  by  deflection  (at  arrow)  of  the  principal  or  secondary  whisker.  Top. 
Representative examples of multi-unit responses elicited by deflection of the principles 
whisker before and after BF stimulation. Bottom. Representative examples of multi-unit 
responses elicited by deflection of the secondary whisker before and after BF stimulation. 
Multi-unit discharge elicited by either whisker was facilitated after BF stimulation, an 
effect that was more pronounced for responses elicited by the secondary whisker. 
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increased discharge for principal whisker deflection, and 14/17 sites showing increases in 

response to secondary whisker deflection. The remaining sites generally did not show 

changes, and I did not observe clear inhibitory effects of BF stimulation. When averaging 

across all recording sites, BF stimulation resulted in a significant facilitation of discharge 

for both whiskers, with spike counts of 179% and 281% of baseline for principal and 

secondary whiskers, respectively (Fig. 5.2.). The greater facilitation of secondary whisker 

responses  resulted  in  roughly equivalent  numbers  of  spikes  elicited  by principal  and 

secondary whiskers (14.1 & 15.7 spikes, respectively, yielding a principal/secondary ratio 

of 0.9).

Whisker stimulation was repeated at 30 and 60 min following BF stimulation (Fig. 

5.2.). Response strength for multiunit discharge driven by the principal whisker returned 

to baseline levels at 30 and 60 min (97 & 109% of baseline, respectively). In contrast, 

responses elicited by the secondary whisker remained elevated at 30 and 60 min (128 & 

154%  of  baseline,  respectively),  even  though  they  clearly  declined  from  the  levels 

observed  immediately  after  BF  stimulation  (Fig.  5.2.).  The  greater  potentiation  of 

responses elicited by secondary whisker deflection resulted in a principal/secondary ratio 

of 1.0 (baseline 1.41) at 60 min after BF stimulation. These observations were confirmed 

statistically by a two-way, repeated measured ANOVA, revealing a significant difference 

between  principal  and  secondary  whiskers,  F  1,16  =  18.0,  p  <  0.001,  as  well  as  a 

significant whisker by time interaction, F 3,48 = 5.5, p = 0.002.

These experiments were repeated in  animals treated with scopolamine (n = 9; 5 

mg/kg,  i.p.,  30  min  prior  to  onset  of  data  collection).  Scopolamine  reduced  the 

enhancement in multi-unit responses for both whiskers immediately after BF stimulation
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Figure 5.2. The effect of BF stimulation (BF Stim.) on multiunit responses in the barrel 
cortex elicited by deflection of the principal or secondary whisker. Average spike counts 
for responses elicited by principal and secondary whiskers in non-drug treated rats (No 
Drug, n = 17) and animals given scopolamine (Scopol, 5 mg/kg i.p., n = 9). Discharge 
was facilitated immediately after BF stimulation, an effect that was more pronounced and 
longer lasting for responses elicited by the secondary whisker. For the principal whisker, 
response facilitation following BF stimulation appeared to be abolished by Scopol, even 
though this impression was not confirmed by the statistical analysis. The drug appeared 
to reduce facilitation of responses elicited by the secondary whisker.
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(Fig.  5.2.),  with  increases  of  114 and 152% of  baseline  for  principal  and  secondary 

whiskers, respectively. Further, responses for both whiskers remained close to baseline 

levels  when  assessed  30  and  60  min  following  BF  stimulation  (Fig.  5.2.;  principal 

whisker: 104 and 100%; secondary whisker: 105 and 112%). For the principal whisker, 

response facilitation following BF stimulation appeared to be abolished by scopolamine, 

even though this impression was not confirmed by the statistical analysis (Fgroup xtime 3, 72 = 

1.3, p = 0.273).  The drug appeared to reduce facilitation of responses elicited by the 

secondary whisker (Fgroup 1, 24  = 4.2, p = 0.052, F groupxtime 3, 72  = 1.4, p = 0.243). The small, 

but persistent potentiation of secondary whisker responses yielded a small decrease in the 

principal/secondary ratio from 1.25 during baseline to 1.12 at the end of the experiment 

(1.41 to 1.0 in untreated rats). These observations were confirmed statistically by a two-

way, repeated measured ANOVA, revealing a lack of a significant difference between 

principal  and  secondary whiskers,  Fgroup  1,  8 =  4.5,  p =  0.067,  as  well  as  a  lack  of  a 

significant whisker by time interaction, F groupxtime 3, 24 = 3.0, p = 0.053. However, note that 

both effects approached statistical significance.

5.5. Discussion

The experiments described here show that stimulation of the BF to elicit release of 

endogenous  ACh  can  result  in  long-lasting  enhancements  of  neuronal  responses  in 

cortical sensory areas of urethane-anesthetized rats. Surprisingly, this form of synaptic 

potentiation showed a remarkable degree of selectivity for non-dominant inputs to cortex,

which initially produced relatively weak responses of cortical cell populations. Afferents 

that elicited more pronounced excitatory responses (i.e., afferents carrying signal from 
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the  principal  whisker)  showed  smaller,  shorter  lasting  enhancements  following 

stimulation  to  the  BF.  The effect  of  BF stimulation  to  preferentially increase weaker 

cortical responses was largely dependent on activation of cortical muscarinic receptors. 

Ultimately, this ACh-dependent plasticity resulted in a re-adjustment of separate inputs, 

with more balanced responses elicited by initially dominant and non-dominant inputs to 

the primary somatosensory cortex.

A long-standing,  but  controversial  hypothesis  suggests  that  ACh acts  to  amplify 

incoming sensory signals relative to background cortical activity, thereby increasing the 

signal-to-noise ratio in sensory fields (Sato  et al., 1987; Sillito  et al., 1985). However, 

other work suggests that ACh reduces stimulus selectivity by broadening receptive fields 

in the majority of V1 cells (Sato et al., 1987; Zinke et al., 2006). That is, acute effects of 

ACh in sensory cortex include an increased responsiveness to sub-optimal visual stimuli, 

rather than further enhancing already strong inputs (i.e., synapses activated by optimal 

stimuli).  In the barrel cortex, I found that weaker responses elicited by the secondary 

(surround) whisker showed greater and longer-lasting facilitation than responses triggered 

by the principal whisker. While I acknowledge that these experiments require replication 

using a more standardized method of whisker stimulation than manual deflection using 

Von Frey hairs, these results nevertheless suggest that the afferent selective of synaptic 

enhancement  generalizes  to  several  sensory  domains.  Thus,  one  of  the  primary 

consequences  of  ACh  release  is  the  re-balancing  of  afferent  signals  by  means  of  a 

preferential amplification of non-dominant or sub-optimal inputs to cortical neurons. An 

important difference between the present and previous work lies in the fact that response 

enhancement by ACh was elicited in the absence of temporal pairing of sensory input and 
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BF-induced ACh release. Edeline and colleagues (1994) noted that sound-induced multi-

unit responses in the auditory cortex increased following repeated pairing of the sound 

with BF stimulation, while BF stimulation alone was ineffective (also Froemke  et al., 

2007). Similarly, in S1, pronounced enhancements in evoked potential amplitude evoked 

by  cutaneous  stimulation  occurred  only  when  it  was  paired  with  BF  stimulation 

(Rasmusson & Dykes, 1988; Verdier & Dykes, 2001). It is important to note, however, 

that this work generally did not explicitly identify sub-optimal sensory inputs and, in fact, 

often measured cortical responses elicited by peripheral stimuli applied in, or close to, the 

center  of  the respective  receptive fields  (e.g.,  Rasmusson & Dykes,  1988;  Verdier  & 

Dykes, 2001). It is also noteworthy that, for weak sensory stimuli just above the threshold 

to  elicit  cortical  responses,  unpaired  BF  stimulation  alone  is  sufficient  to  produce 

synaptic  enhancements  in  S1  (Golmayo  et  al.,  2003).  Consequently,  the  temporal 

contingencies  between BF and sensory signals  required to  elicit  synaptic  potentiation 

appear  to  be  less  stringent  for  relatively  weak  or  non-dominant  inputs,  allowing 

potentiation even in the absence of paired stimulation during the induction period. 
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Chapter 6

General Discussion and Conclusions  

 The neocortex has been recognized as an important locus for information storage, 

and one of its  fundamental  properties is  plasticity,  the ability to constantly change in 

response to experience and practice.  The neocortex is  a particularly relevant  area for 

plasticity research since it performs both sensory and motor tasks and often combines 

various types of information to perform higher cognitive tasks, which involve critical 

learning  components  in  many  stages.  As  we  experience  the  environment  around  us, 

information we process can potentially affect how we interpret future sensations. We now 

know that the process of sensory information processing is not entirely hard-wired, but 

adapts to experience via structural and functional modifications of the neural circuits. The 

functional advantage of preserving certain degrees of plasticity beyond the critical period 

is obvious; however, to understand the underlying neural mechanisms is one of the major 

goals of neuroscience. The present thesis contributes a few pieces to the completion of 

this complicated puzzle. 

Functional  modifications of synapses,  LTP and LTD, have been proposed as the 

cellular mechanisms for cortical plasticity for over three decades. These phenomena have 

triggered substantial interest among the research community and, consequently, advanced 

our knowledge on the many facets of cortical plasticity. Traditionally, Hebbian synaptic 

plasticity can address and explain many aspects of cortical plasticity that are commonly 
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followed by slower,  structural  remodeling that consolidates synaptic plasticity.  Recent 

research has revealed that certain structural rearrangements of synapses can happen rather 

quickly  (Barnes  &  Finnerty,  2009).  Liao  and  colleagues  (2001)  found  that  within 

minutes,  rapid  recruitment  of  AMPA receptors  occurs  via  the  activation  of  NMDA 

receptors in hippocampal slices.  The latest development of in vivo longitudinal imaging 

techniques enable  researchers to  explore  dynamic  changes  in experience-dependent 

structural  plasticity  with  greater  sensitivity  in  the  adult  rodent  brain.  It  appears  that 

dendritic spines and axonal varicosities  in the sensory cortices  are not fixed structures, 

with the expression of plasticity depending  on the cell type and layer: some naturally 

sprout and retract regularly, sometimes on a daily basis (De Paola et al., 2006; Stettler et  

al., 2006; Trachtenberg et al., 2002). A large portion of the dendritic spines and axon 

appear to be stable in the sensory cortices as the animal matures and  the proportion of 

stable  dendritic  spines  appears  to  be  higher  in  the  visual  cortex  (96%)  than  the 

somatosensory cortex (73%) in adult animals (Grutzendler et al, 2002;  Holtmaat et al., 

2005). Hence, different cortical areas seem to have different levels of capacity for cortical 

rewiring in adulthood. However, alterations of sensory experience alter circuitry stability 

where more stable spines disappear and more new transient spines appear and persist (De 

Paola et al., 2006; Stettler et al., 2006; Trachtenberg et al., 2002). Synapses are formed by 

a dendritic spine growing out to make contact with an existing axon. Newly developed 

synapses become functional within days (Knott et al., 2006). Large scale rearrangement 

of dendritic  branches (Hickmott  & Steen,  2005) and axonal  arbors  (Cheetham  et  al., 

2008; Kossut, 1998) were also observed following traumatic (lesion) sensory deprivation. 

Sensory deprivation often produce increases in spine turnover and little changes in spine 
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density in the superficial layer of both mature S1 and V1 (Keck et al., 2008; Trachtenberg 

et al., 2002). This suggests that the sensory cortices share similar strategies in structural 

remodeling  in  response  to  altered  sensory experience.  The  mechanisms  driving  these 

functional and structural changes, and how information integrated at existing synapses 

alters the output of the network circuits through cortical rewiring are still unclear. Given 

that the structural modifications can occur fairly rapidly, some authors even propose that 

the  formation  of  memory  can  bypass  physiological  synaptic  modifications  and  that 

certain  cortical  plasticity  may  depend  on  direct,  learning-induced  structural  rewiring 

(Chklovskii  et al., 2004). However, structural changes inevitably alter synaptic weight 

and  newly  formed  synapses  require  Hebbian-like  LTP  mechanisms  to  test  new 

partnership between the pre- and postsynaptic units.  Thus, changes in synaptic weight 

and cortical wiring are not mutually exclusively; they are likely to co-exist in the adult 

brain. 

Recent studies have also discovered several novel forms of cellular plasticity or non-

Hebbian  synaptic  plasticity,  such  as,  homeostatic  synaptic  scaling,  and  metaplasticity 

(Abraham & Bear,  1996;  Rich  & Wenner,  2007;  Turrigiano  & Nelson,  2004).  Hebb 

(1949) proposed that, when a neuron repeatedly participates in the activation of another 

neuron, the connections between these neurons are strengthened. LTP and LTD represent 

a  long  term  up-  and  down-regulation  of  synaptic  transmission.  Inevitably,  the 

consequences of synaptic plasticity need to be considered on a larger scale of neuronal 

network activity. Metaplasticity is able to regulate the synaptic inputs of a neuron over 

time  and  adjust  the  efficacy  of  synaptic  transmission  accordingly.  Homeostatic 

mechanisms have been proposed as one of the underlying mechanisms for regulating the 
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expression of metaplasticity. These two mechanisms compliment Hebb's original model 

and provide a more stable circuit without hyper- or hypo-activity during the information 

encoding phase. Neocortical plasticity needs to be tightly regulated and to guard against 

LTP and  LTD  saturation,  which  could  compromise  the  ability  of  networks  to  store 

information, as well as prevent excitotoxicity/epilepsy. 

In the present thesis, sensory induced- or electrically induced LTP in V1 of urethane-

anesthetized  rats  showed  greater  enhancement  of  the  evoked  potential  amplitudes 

following a period of reduced post synaptic activity manipulated through dark exposure 

(Chapter 3); a similar phenomenon also occurs in a freely moving animal preparation 

(Tsanov & Manahan-Vaughan, 2007). However, I also showed that this manifestation of 

metaplasticity  can  be  achieved  in  a  matter  of  hours  in  the  adult  visual  cortex.  This 

demonstrates that metaplasticity mechanisms function relatively quickly in order to put 

synapses  and  networks  into  a  “learning-ready”  mode,  even  in  the  mature  brain.  In 

addition to the visual cortex, the expression of metaplasticity has been observed in the 

hippocampus and other cortical (e.g. prefrontal cortex) areas (Blond et al., 2002; Craig & 

Commins,  2007),  which  suggests  metaplastic  regulation  at  both  synaptic  and  global 

network scales. Changes in the NR2A/NR2B ratio of the NMDA receptor subunit and the 

activation  of  mGluR  have  been  suggested  as  the  mechanism  mediating  the  scaling 

threshold of LTP/LTD (see Abraham, 2008; see Bear, 2003; Quinlan et al., 1999; Xu et  

al., 2009). However, the question of how metaplasticity affects network functions and 

what its contribution is to learning, as well as the underlying molecular mechanisms, are 

not fully answered at present and more extensive research is required. 

Recent  discoveries  of  novel  forms  of  cellular  plasticity  also  include  the 
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identification of  multiple forms of synaptic plasticity (both LTP and  LTD; Liu et al., 

2004; Meliza & Dan, 2006; Sjöström et al., 2007). Many neocortical, excitatory synapses 

exhibit  classical,  postsynaptic  NMDA receptor-dependent  LTP,  where  influx  of  Ca2+ 

activates kinases (e.g., CaMKII) that drive AMPA receptor phosphorylation and/or results 

in the insertion of GluR1-containing AMPA receptors into the postsynaptic membrane 

(Malinow & Malenka, 2002). In the present thesis, NMDA receptor-independent LTP was 

found along with the induction of NMDA receptor-dependent LTP in the crossed and 

uncrossed visual pathways, respectively, in relation to the dLGN stimulation site (Chapter 

4). As discussed before, NMDA receptor-independent LTP has been mostly documented 

in the hippocampus, but less is know about it in the neocortex. Voltage-dependent Ca2+ 

channels appear to be the likely candidate mediating this type of synaptic enhancement. 

Obviously,  further  investigation  is  needed  to  characterize  the  underlying  molecular 

mechanisms,  its  role  in  learning,  and  any  functional  difference  in  comparison  with 

NMDA  receptor-dependent  LTP.  Interestingly,  I  also  found  a  LTD-like  synaptic 

depression  under  a  weak  stimulation  protocol.  Several  studies  demonstrate  LTD 

expression in the sensory cortices; however, most stimulation protocols consist of low 

frequency  pulses,  delivered  over  long  duration  (600-900  pulses)  to  elicit  synaptic 

depression. Hence, cortical LTD is generally perceived as more difficult to induce than 

LTP.  Perhaps  the  optimal  stimulation  protocol  is  yet  to  be established.  In  my thesis, 

synaptic depression was elicited with high frequency, short duration bursts that consisted 

of only 15-20 pulses in  total.  Even though the fPSP amplitude depression developed 

gradually and was not observed immediately following TBS, the depressive effect lasted 

for up to 4 hrs of recording. Thus, more research is required to compare this LTD-like 
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depression with classical cortical LTD elicited by a low frequency stimulation protocol. 

As discussed before, one type of LTD involves presynaptic mechanisms. Interestingly, 

recent studies on LTP also demonstrate a novel form of LTP expression that involves the 

increase in presynaptic release probability in the adult neocortex (Eder  et  al., 2002), a 

concept that was proposed soon after the discovery of LTP (Dolphin et al., 1982). Recent 

evidence shows that this “presynaptic” LTP is mediated by retrograde signaling agents 

such as nitric oxide in addition to postsynaptic GluR1 insertion (Hardingham & Fox, 

2006).  The  presynaptic  mechanisms,  therefore,  could  be  more  involved  in  synaptic 

transmission expression, especially in NMDA receptor-independent LTP/LTD.  

In the present thesis, the LTD-like depressive effect appeared to be blocked by a 

NMDA receptor antagonist only when recorded at the monocular segments of V1. This 

suggests that different cortical segments, which lack a clear cytoarchitectural difference, 

could still exhibit different thresholds and capacity for synaptic modifications. In fact, 

other recent  in vitro  studies also showed that different cortical layers of visual cortex 

exhibit different levels and sometimes even different forms of LTP and LTD (Daw et al., 

2004;  Wang & Daw, 2003). These findings demonstrate the challenges posed to study 

cortical  plasticity  due  to  its  complex  circuitry.  In  the  present  thesis,  application  of 

particularly  weak  TBS  to  the  dLGN  elicited  opposite  directions  of  synaptic 

modifications,  LTD  and  LTP,  while  recordings  in  the  monocular  and  binocular  V1 

segments,  respectively,  in  separate  groups  of  anesthetized  adult  rats  (Chapter  4). 

Interestingly,  Sjöström and colleagues (2007) found that high frequency stimulations of 

layer 5 of V1 slices can simultaneously elicit a mixture of presynaptic LTP and LTD as 

well  as  postsynaptic  LTP.  Concurrent  induction  of  LTP and  LTD  is  also  found  in 
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hippocampal  Schaffer  collateral  and  commissural  pathways,  respectively,  onto  CA1 

synapse,  with  stimulation  of  Schaffer  collaterals  preceding  commissural  stimulation 

within 40 ms. This is a much slower temporal order than regular spike-timing synaptic 

modification in freely moving or urethane anesthetized adult animals (Dong et al., 2008). 

Therefore, it appears there are many ways to induce changes in synaptic transmission and 

multiple  forms  of  synaptic  modification  can  be  elicited  simultaneously.  On the  other 

hand, as previously mentioned, different forms of LTP (NMDA receptor-dependent and 

-independent)  were  induced  simultaneously  in  the  indirect  and  direct  fiber  systems 

following TBS of one of the dLGN. In addition, recent studies found that induction of V1 

plasticity  by  TBS  of  the  dLGN  potentiates  the  dentate  gyrus  granuel  cell  fPSPs 

concurrently  in  adult  freely  moving  animals  (Tsanov  &  Manahan-Vaughan,  2009). 

Hence,  multiple  forms of synaptic  modification can also be elicited in  separate,  long 

range  pathways,  which  might  serve  an  important  function  in  integrating  sensory 

information and modulating synaptic plasticity in related brain structures. 

The induction and/or expression of both cortical LTP and LTD can also be greatly 

influenced by an increase or decrease of inhibitory circuits.  It has been acknowledged 

that  the  maturation  of  inhibitory  systems  is  closely  related  to  the  critical  period  for 

shaping ocular dominance development (Fagiolini & Hensch, 2000). Recent studies also 

found that LTD can be induced readily in the inhibitory synapse (Yoshimura et al., 2003), 

and the dendritic arbor of the GABA interneurons also remain dynamic in adult animals 

(Lee et al., 2006). Thus,  the inhibitory systems likely act as a one of the major regulator 

for cortical plasticity in adulthood. Further, in the adult auditory cortex, pairing a tone 

with  ACh by stimulating the nucleus basalis greatly enhances the neuronal responses to 
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the paired  tone. Interestingly,  transient disinhibition was observed preceding the tone-

evoked excitatory responses, suggesting that brief disinhibition may provide a “memory 

tag”  that  guides  the  subsequent  excitatory  network  (Froemke  et  al.,  2007).  Thus, 

neocortical  plasticity  may  be  mediated  by  the  tightly  regulated  balance  between 

excitatory-inhibitory responses in cortical neurons and networks.    

It is important to acknowledge that all of my experiments were conducted under the 

urethane anesthesia. Interestingly, Dong and colleague (2008) found that stimulation of 

the  hippocampal  Schaffer  collateral  pathway followed by stimulation  of  commissural 

pathways can induce Schaffer collateral LTP and commissural LTD concurrently in CA 1 

cells  in  the  hippocampus  in  both  freely  moving  and  urethane  anesthetized  animals. 

However,  the  same  stimulation  protocol  can  only  produce  LTP in  both  pathways  if 

sodium pentobarbital is the choice of anesthesia. These findings indicate that synaptic 

modification  is  also,  in  part,  regulated  by  neurochemical  changes  related  to  specific 

anesthetic drugs.  It  is well  known that  a large variation can be found in adult  neural 

modification when placing animals in different behavioural states. For instance, in adult 

rats, representation of a single whisker after removal of all surrounding whiskers expands 

in large scale at the barrel cortex when the animal is housed in the home cage. However, 

the same manipulation can result in large contraction of the cortical representation if the 

animal is placed and actively exploring a novel environment using that whisker (Polley et  

al., 1999). Hence, different states of the network appear to exert different influences on 

cortical  plasticity.  All  experiments  in  the  present  thesis  were  carried  out  in  urethane 

anesthetized preparations, raising the possibility that the anesthesia may have influenced 

the measured cortical responses and the characterized experimental effects. Urethane is a 
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typical  laboratory choice  for  in  vivo  studies due  to  its  stable,  long lasting  anesthetic 

properties, minimal effects on various autonomic functions (Maggi & Meli, 1986), and 

preservation of  the full spectrum of natural, endogenous oscillations present in cortical 

and hippocampal networks, events that are thought to play important roles in the gating 

of plasticity (Wolansky et al., 2006). Nevertheless, future work should employ different 

anesthetic drugs, as well as non-anesthetized, immobilized, or freely-moving animals to 

assess whether the phenomena described here are preserved in other states.  

Various behavioural states or network states appear to modulate or even gate adult 

plasticity in the sensory cortices (Fontanini & Katz, 2008) and such effects are largely 

mediated  via  various  neuromodulators.  The  crucial  role  of  neuromodulators  in  adult 

plasticity has been well documented in various sensory cortices (Azmitia & Whitaker-

Azmitia 1991; Bao et al., 2001; Dringenberg  et al., 2004; Sawaki et al., 2003; see Gu, 

2002). In the present thesis, the neuromodulators histamine and ACh exerted significant 

influences on the level of synaptic modification and plasticity induction thresholds. In the 

geniculocortical pathway, local administration of histamine in V1 further enhanced LTP 

elicited by TBS of the ipsilateral dLGN. The application of histamine also facilitates the 

induction of  LTP when a  sub-threshold  stimulation protocol  was  utilized.  Hence,  the 

central histaminergic system appears to have dual roles in regulating synaptic plasticity 

by  amplification  of  neural  responses,  as  well  as  a  gating  mechanism  that  sets  the 

induction threshold for synaptic  plasticity (Chapter  2).  On the other  hand,  modifying 

endogenous ACh release  by electrical  stimulation  of  the  BF alone  (without  temporal 

pairing) facilitated neural responses in the barrel cortex in response to whisker deflection. 

Interestingly, elevated ACh level had greater influences on the weaker or non-dominant 
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inputs than the strong input from the principal whiskers. Hence, the elevated ACh release 

appears to re-balance the afferent inputs by exerting greater amplification of sub-optimal 

inputs  to  the  cortical  neurons  (Chapter  5).  Interestingly,  a  similar  phenomenon  was 

observed in V1, where the smaller responses recorded in the indirect/contralateral visual 

pathway always produce greater LTP after TBS of the dLGN in comparison to the strong 

responses in the direct/ipsilateral  pathway (Chapter 4).  Hence,  a major finding of the 

thesis is that sub-optimal cortical responses exhibit greater capacity for synaptic weight 

changes. Similarly, in V1 I observed a larger ratio of short-term augmentation (e.g. paired 

pulse facilitation) for the contralateral recording sites, also indicating higher capacity for 

synaptic  modifiability (Chapter  4).  In  fact,  a  study done by  Golmayo and colleagues 

(2003) found that unpaired BF stimulation alone induced synaptic enhancement of weak 

evoked responses in S1 and V1 which were elicited by tactile and flash stimuli just above 

the threshold. In contrast, many studies have found BF stimulation alone to be ineffective 

when examining stronger cortical responses (Edeline et al., 1994; Rasmusson & Dykes, 

1988; Verdier & Dykes,  2001).  Interestingly,  recent studies demonstrated that a weak 

stimulation protocol can be capable of inducing input-specific, long lasting enhancements 

of cell excitability in the absence of changes in synaptic transmission, and this change in 

intrinsic excitability is mediated by cellular mechanisms different from those involved in 

LTP (Fink & O'Dell, 2009). Hence, responses elicited by relatively weak stimulation, or 

non-dominant inputs may involve separate mechanisms that facilitate changes in synaptic 

efficacy by regulating activity-dependent neuronal excitability.  

Neural  excitability  that  reflects  different  behavioural  states  is  known to  have  a 

significant influence on regulating synaptic changes. Central neuromodulator systems are 
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known to be involved in regulating neocortical activity, and consequently, determine the 

state of arousal, attention, and motivation. This role especially is well characterized for 

the  cholinergic  system,  which  has  been  suggested  to  regulate  a  large  number  of 

behavioural and physiological functions as well as cognitive processes. Application of 

ACh in sensory cortex often elicits widespread excitatory responses, or facilitates both 

excitatory  and  inhibitory  responses  that  are  thought  to  depend  on  glutamatergic  and 

GABAergic inputs, respectively (Gu, 2002; Jiménez-Capdeville  et al., 1997). Similarly, 

the central histaminergic system has also been implicated in a wide range of behavioural 

and physiological functions, including learning and memory (De Almeida & Izquierdo, 

1986; Gerald & Maickel, 1972; Kamei et al., 1993; Leibowitz, 1973; Mochizuki  et al., 

1992). The histaminergic system also has widespread projections in the cerebral cortex 

and often  exerts  excitatory effects   on  cortical  neurons  (Schwartz  et  al.,  1991).  The 

predominant role of ACh in the regulation of cortical activity is well established. Studies 

have shown that cortical desynchronisation, an electroencephalogram (EEG) pattern that 

consists  of  high  frequency  low  amplitude  oscillations  that  typically  occur  during 

wakefulness or rapid eye movement sleep,  depends critically on both cholinergic and 

serotonergic system. On the other hand, histamine is tightly linked to the regulation of 

cortical activity via an indirect stimulation of the cholinergic or serotonergic inputs to the 

cortex (Dringenberg & Kuo, 2003; Dringenberg & Vanderwolf, 1998). The interaction 

between ACh and histamine is complex and multifarious. Histamine regulates the release 

of ACh in the cortex and hippocampus by activating cholinergic neurons in the nucleus 

basalis  magnocellularis  and  the  medial  septal  area-diagonalis  complex,  respectively 

(Bacciottini  et  al., 2002; Cecchi  et  al.,  2001). Histamine can also inhibit cortical ACh 
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release by activating GABA interneurons (Blandina et al., 1996; Giorgetti  et al., 1997). 

The histaminergic system, however, is not the only neuromodulator system that interacts 

with the cholinergic system. Release of cortical ACh has been shown to modulate the 

serotonergic (Giovannini et al., 1998), dopaminergic (Consolo et al., 1996; Zmarowski et  

al.,  2005),  and noradrenaergic  (Beani  et al.,  1986; Vizi,  1980) systems. On the other 

hand, histamine also modulates the release of all these neuromodulators in the cortex via 

its  heteroreceptors  (Fink  et  al.,  1990;  Schlicker  et  al.,  1993; 1994).  Not  surprisingly, 

cortical activation, as a sign for wakefulness, often requires high levels of cholinergic, 

histaminergic, serotonergic, and noradrenergic tone (Mignot et al., 2002). Furthermore, in 

addition to the cholinergic system, dysfunction of dopamine,  serotonin, noradrenaline, 

and histamine neurons have been identified in neurological disorders, such as Alzheimer's 

disease (Airaksinen et al., 1991; Panula et al.,1998;  Schneider et al., 1997). Thus, clearly 

the  maintenance  and  regulation  of  cortical  activation  and  wakefulness  involves  the 

interaction  of  many neuromodulator  systems,  and  this  intricate  balancing  of  multiple 

transmitter systems in the CNS is essential for further modulation of complex process 

such as learning and memory. 

It has been shown that in freely moving animals, delivering brief stimulation at the 

peak or trough of the theta rhythm in the hippocampus elicits LTP or LTD, respectively, 

(Hölscher et al., 1997; Hyman et al., 2003). Hippocampal theta activity in rats is between 

3 -10 Hz, which is often observed when animals are engaged in active motor behaviours 

or  during  REM  sleep  (Vanderwolf,  1969).  Theta  oscillation  EEG  activity  has  been 

suggested as a state of readiness to process incoming signals, that is, the hippocampus is 

in an “on-line” state (Buzsáki, 2002). Thus, it is often suggested that the ongoing EEG 
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activity plays an important role in learning and memory (Vertes, 2005). In the neocortex, 

gamma oscillations have received special attention due to their suggested role in sensory 

binding (Singer & Gray, 1995) and attentional selection (Fries  et al., 2001), which are 

important for information storage and retrieval. Changes in gamma oscillations are tightly 

correlated  with  the  direction  of  synaptic  plasticity  in  V1  of  freely  moving  animals 

(Tsanov  &  Manahan-Vaughan,  2007).  Furthermore,  similar  to  a  study  done  in 

hippocampus, Wespatat and colleagues (2004) found that in the visual cortex slice, the 

induction  of  LTP and  LTD  occurs  when  fPSPs  coincide  with  the  peak  and  trough, 

respectively, of the membrane potential entrained to a fast oscillation frequency band. 

Therefore,  synaptic  modifications  are  sensitive  to  the  timing  of  brain  oscillation, 

suggesting  that  different  behavioural  states  may  have significant  influences  on 

information  encoding and retrieval. Further,  studies  done by Shuler  and Bear  (2006) 

demonstrated that by pairing visual stimuli with subsequent reward, the V1 neurons of 

rodents show a remarkable plasticity and evolve to precisely predict the timing of reward 

delivery.  Hence,  the  primary sensory cortex  has  more  functionality  than  traditionally 

thought and higher brain function can take place much earlier along the sensory process 

pathway. 

In  summary,  the  exceptional  versatility  of  the  mammalian  neocortex  is  made 

possible, at least in part, by a large diversity of cellular plasticity mechanisms. This poses 

a major challenge for determining how each mechanism contributes to cortical plasticity 

and  behaviour.  Cortical  plasticity  in  adult  animals  involves  the  tightly  regulated 

reorganization of synaptic weights and the subsequent dendritic or axonal morphological 

changes,  all  of  which  have  been  implicated  as  mechanisms  mediating  experience-
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dependent  refinements  of  central  visual  (Kato  et  al.,  1991;  Kirkwood  et  al.,  1995), 

somatosensory (Feldman et al., 1999) and auditory systems (Speechley et al, 2007). The 

present thesis demonstrates that changes in neocortical synaptic efficacy are influenced 

by neuromodulator systems, such as histamine and ACh, acting as gating mechanism 

(Chapter 2 & 5) for the induction of plasticity in adult  nervous system. Furthermore, 

short-term sensory deprivation elicits significant changes in sensory-induced plasticity in 

only a few hours (Chapter 3), showing that the adult neocortex stays dynamic and various 

behavioural states may have a significant influence on the direction and magnitude of 

plasticity  in  the  mature  cortex.  Finally,  the  discovery  of  multiple  forms  of  synaptic 

plasticity, induced simultaneously in both local and long range pathways to the visual 

cortex  (Chapter  4),  demonstrates  that  the  mammalian  neocortex  containing  a  large 

diversity of  cellular  plasticity  mechanisms,  and  that  constant  adjustments  of  multiple 

connections may aid to integrate information within and between various brain structures. 

Hence, a significant level of plasticity is preserved in the adult neocortex and the primary 

sensory cortices function in more complex manners than just acting as a passive receiver 

for sensory inputs. Our understanding of the functional, structural, and neuromodulator 

mechanisms and their roles in learning and memory is far from complete. Clearly, more 

research  is  needed  to  resolve  some of  the  unanswered  questions  that  arise  from the 

present experiments, and to extend our knowledge of the many facets of adult cortical 

plasticity.  
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