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Abbreviations:

ACSF: Artificial cerebrospinal fluid
AHP: Afterhyperpolarization

DA: Dopamine

DAB: 3, 3’-diaminobenzidine

fAHP: Fast afterhyperpolarization

ln: Hyperpolarization-activated cationic cu
IHC: Immunohistochemistry

IFD: Immunoflorescence double labelir
In - M current

mAHP: Medium afterhyperpolarization
nVH: Neonatal ventral hippocampus
VTA: Ventral tegmental area

ON: Oculomotor nucleolus

PND: Post natal day

PPI: Prepulse inhibition

RMP: Resti  membrane potent

RN: red nucleolus

sAHP: Slow afterhyperpolarization

TH: Tyrosine hydroxylase
























(olfactory tubercle and the nucleus accum  1s), cortical areas and matrix compartment of
the dorsal striatum (Ikemoto, 2007). As the result, excitation of the dorsal tier results in
increased DA release in the nucleus accumbens and other limbic structures (Kiatkin

2002, also see Fig 1.1, 1.2 and 1.3).
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1.3. DA cell firing and DA transmission

The strength of DA transmission is dictated by the amount of DA at the synapse
and the number and efficiency of its receptors at the postsynaptic cell. We will now
consider factors that contribute to DA release and its accumulation at the synapse. Both
the cell body and terminal sites of DA neurons play an essential role in synaptic DA
accumulation. At the terminal site, reli ;ed DA is taken up into the terminal very rapidly
by DA transporters. Drugs that affect this mechanism, for :ample psychostimulants that
bind and block the transporters, or saturation of the transporter following intense release,
lead to dramatic increase in synaptic DA levels. Moreover, DA autoreceptors located on
the terminal mediate a negative feedback that suppresses further DA release (Fig 1.3). At
the somatic site, the amount of DA released at the terminal will | reflected by the
frequency and/or mode of firing. Of particular significance is the burst firing mode which
is characterized by clustered action potentials followed by a hyperpolarization. This is
because burst firing is more effective in increasing synaptic DA levels due to Ca®*
accumulation inside the terminal durii inten: spiki  (Suaud- Chagny er al, 1992;
Grace, 2000), as well as reduction in the inhibitory n  hanism of auto eptors d
saturation of DA reuptake mechanisms (Chergui, 1994). Burst firir~ of VTA DA neurons
signifies novel and behaviorally salient stimuli in awake animals with a brief increase in
DA release (Schultz, 1998; Schultz and Romo, 1990; Anstrom and Woodward, 2005;

Horvitz et al., 1997; Diana et al., 1989).

Dopamine neurons in vivo exhibit both tonic firing and burst firing, whereas in in-

vitro slice preparations they only exhibit tonic firing (Shi er al,, 2004; Paladini et al.,
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by self-report; the importance of this independent measure is obvious. It is even more
important in animal models of schizophrenia where abnormalities in perception, thought,
and cognition are impossible to obtain. Because of the parallel char s between PPI and
the functionality of the DA system, it can be used to validate animal mc ‘s of

schizophrenia, in particular the moc s which] /e an underlying DA malfunctioning.

1.5. Neonatal ventral hippocampal lesion in the rat as a model of schizophrenia

Schizophrenic studies on human subjects are ideal in a way that the outcome of
these studies is directly beneficial to the management of this disease. However, there are
also obvious difficulties in such stud ° that findii ;5 obtained from postmortem
schizophrenic brains are not easy to ir rpret because of long-term antipsychotic
treatment that may have induced secondary changes in the brain. Additionally, there is a
variable period of time between the time of death and tissue collection, which may affect
the results (Harvey et al, 2002; Rodda et al, 2006). Furth re, experimental
manipulation of the disease is in many cases unethical in human studies. Due to these
limitations in human studies, investigators have developed some animal models of
schizophrenia to test various aspects of the disease such as the . A hypothesis. Over the
years different schizophrenic models have been developed by directly manipulating the
DA system to mimic the disease (Lipska and Weinberger, 2000). An example for this
group of animal models is apomorphine treatment. Apomorphine is a DA agonist; it
effectively boosts signal transduction through DA receptors. Similarly, the
psychostimulant amphet =~ ° 'd to block A to” ° 77 levelsof

DA at the synapse. These models y limit theirt * vioral char s to a narrow range
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(Oliveria and Juruena, 2006) which can cked by lesioning the ventral

hippocampus in this model.

Taken together, the nVH neurodevelopmental model mimics a broad range of
abnormalities of the disease including positive and negative symptoms and its
dependency on the DA system (Lipska an Weinberger, 2000). The¢ fore, nVH lesion
rats can appropriately model different features of schizophrenia to study the

neurodevelopemental hypothes of this “sorder.
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Neonatal VH Lesion Model Schizophrenia

Behavioral changes:

Hyperlocomotion to stress Stress vulnerability
PPI deficits PPI deficits
LI deficits LI deficits

Deficits in dela alternation tests Reduced social . .
Working memory deficits
contacts

Social withdrawal

Pharmacological

responses:

Amphetamine-induced hyperactivity Apomorphine- Enhanced symptomatic response to

induced stereotypies Reduced catalepsy to haloperido! dopamimetics Neuroleptic tolerance Enhanced

MK-801 and PCP-inducec  peractivity symptomatic response to ketamine
Molecular changes in
the prefrontal cortex:

NAA levelsl NAA levels L

GAD67 mRNAY GAD67 mRNAL

BDNF mRNAL BDNF mRNA{

Abbreviations: BDNF, Brain derived neurotrophic factor; GAD-67, Glutamate d¢ oxylase-67, LI, Latent inhibition, N, N-

acetylaspartate; PCP, phencyclidine; PPI, prepulse inhibition of startle; 4 reduced vs. controls.

Adapted from: Barbara K Lipska Ph.D and Daniel R Weinberger MD. Neuropsychopharmacology (2000)

Table.1) The Neonatal Ventral Hippoc: , Il Lesic Model: Schizophrenia-like

Phenomena.
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decreases the slope of the frequency-current relation in spinal cord motoneurons
(Alaburada et al., 200", The M channel blocker DuP 996, or linopirdine that is a known
cognitive enhancer, and its analogue XE-G  are used as pharmacological tools to isolate
M currents. These two blockers show a 10-20 fold greater selectivity to block M currents
than other types of potassium « nts (Robbins, 2001). VTA DA cells seem to be under
the influence of M currents as well. Opening M channels by retigabine dramatically
reduces VTA DA cells excitabi _ in vivo and in vitro (Hansen et al., 2006). Blocki M
channels by XE-991 effectively incre¢ ; the rate of firing in VTA DA cells (Koyama
and Appel, 2006). However, the identity of channel subtypes that contribute to this M
current remains unknown. Because blocking M currents is known to induce burst firing in
the hippocampus (Yue and Yaari, 2004), is possible that these currents can generate

bursting in VTA DA neurons.

M channels could modu e patte of firing in neurons: M current activation
during sustained depolarizations tends to hyperpolarize the neuron and reduce its firing
rate (Hensen et al., 2006, Mikkelsen, 2C ). Studies have shown that M current is active
near the firing threshold in VTA DA neurons and therefore may contribute to the
decrease in the excitability of these = ns (M - 19..,. Action potentials in many
neurons are followed by a hyperpolarizing afterpotential negative to  iting membrane
potential. Afterhyperpolarizing potential (AHP) has three components based on their time
constants: slow (sAHP), medium (mAHP) and fast (fAHP), mediated by different ion
channels. For instance, in hippocampal CAl neurons,t :cc stants - fast, medium and
slow components are ~50, 250, and 500 : ((Maylie et al., 2003), whereas in DA cells

are ~ <5, 5-100 and 100-300 ms respectively (Koyama and Appel, 2006). In

28




hippocampal CAl neurons the fast component is a voltage and Ca**-dependent K
current carried by the BK and M channels (Maylie et al., 2003) whereas SK channel
underlies this component in DA cells (Nedergaards, 2004). In general, since sAHP and
mAHP last for a longer time, they are more effective in regulating firing patterns.
Whereas the mAHP regulates it spike intervals and is important in tonic firing
frequency, the sAHP underlies spike frequency adaptation and thereby play a role in
shaping phasic firing pattern (Stocker et al., 1999). Blocking M current reduces the fast
and slow components of AHP without any effect on the medium component in
dissociated DA neurons which results in shortening of inter-spike intervals and
consequently an increase in firing frequency (Koyama and Ar_ , 2006). Since AHPs
play a fundamental role in shapi  burst firing in vitro (Alger and Williamson, 1988;
Overton and Clark, 1997), it seems natural that M channels participate in generating burst
firing of DA cells. This is further supported by reports that muscarinic agonists induce
burst firing of DA cells " et al.,, "705) and elevated DA release (Martire et al.,
2007). While muscarinic agonists activate multiple s° 1aling pathways, they all lead to
closing of M channels (Delmas and Brown, 2005) that operate in the range of membrane

potential oscillation observed in bursting DA cells.

1.7. Summary, hypothesis and objectives

In summary, an increase in extracellular DA levels has been proposed as a
biological basis for schizophrenia. This increase in DA transmission among other factors

is it 1lated by the firi.  activity of DA cells with b st firing as the most effective firing
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diaminobenzidine (DAB) immunoh >chemistry. Also colocalization of KCNQ3 channel
with tyrosine hydroxylase was visualized with immunoflurescence double labeling in two

tiers of VTA , ventr: and dorsal that project to different parts of the forebrain.
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Che ter2

M terials and Methods

2.1. Effect of blocking M channels on firing patterns of VTA neurons:

Electrophysiological study

2.1.1. Animals

Sprague-Dawley rats of both sexes 13-21 days of age were used for slice
preparation. These pups were housed with their mother in the same cage. Animals were
on a 12/12 h light/dark cycle in a temperature-controlled environment (20-24°C) and
access to food and water ad libitum for the nursu mother. All experimental protocols
were approved by the Institutior  Animal C:  Committee at the Memorial University of
Newfoundland and conform to the s 1dards set by the Canadian Council on Animal

Care.

2.1.2. Slice preparation

Pups were anesthetized by halothane and were killed by a strong compression of
the chest. The brain was remove " quickly 1 cooled in ice-cold artificial cerebrospinal
fluid (ACSF), which was gassed with > :n (5% CO; / 95% O;). Horizontal sections

through the VTA region were cut at 400 um on a Leica vibratome. These slices were



incubated in carbogenated artificial cerebrospinal fluid (ACSF) for 1 hour at room
temperature prior to recording. A slic v placed into a recording chamber of about 0.5
ml where it was submerged and continually perfused with carbogenated ACSF at a rate of
2-3 ml /min. Usually, one or two slice(s) were generated from one animal and one cell

was recorded from each slice.

2.1.3. Perforated patch clamp recording

The recording was mar  within the confines of the VTA under a dissecting
microscope (Leica MZ6). Because it is common that important cellular messengers are
lost during conventional whole-cell recordii  as a result of diffusion of these messer 2r
molecules into the recording pipette, whole cell recording utilizing nystatin to form
current conducting channels w: used to avoid dilution of diffusible messenger
molecules. Patch electrodes were made by pulling KG-33 glass micropipette (OD 1.5
mm, Garner Glass Co., Claremont, CA, USA) on a P-97 Brown-Flaming micropipette
puller (Sutter Instruments, Novato, CA, USA). The tip of the electrode was filled with the
intracellular solution (see section 2.1.4) and then back filled with the same solution that
also contains nystatin (see section 2.1.4). Typical electrodes had a ra1  of resistance
between 4 and 6 MQ. The electrode v . p ed at an angle of approximately 45° relative
to the slice and placed in the VTA. In a fresh slice, the VTA is a bilateral anatomical area
between the substantial nigra on each side of the midline. The substantial 0~ a could be
recc iized by its semit 1sparent oval shape. Gigaohm seals were made using a
MultiClamp 700B (Axon Instrument, Fc er City, CA, USA) amplifier. In spontaneously

active cells, the effectiveness of nystatin in providing access was based on size of action

33






AHP components were defined based on following criteria (Koyama and Appel, 2006;

see also Fig.2.2):

1) fAHP: peak amplitude of in <Sms
2) mAHP: peak  plitude of AHP in 5-100ms

3) sAHP: peak amplitude of AHP in 100-300 ms

2.1.4. Chemicals

A) Artificial cerebrospinal fluid composition for slicing and recording (mM): 126
NaCl (Fisher Chemicals), 2.5 KCl (FisherChemicals), 1.2 NaH,;PO,
(FisherChemicals), 1.2 M~CI, (FisherChemicals), 18 NaHCOj3 (Sigma), 2.4
CaCl, (Sigma) and 11 glucose (Sigma). pH was 7.4 when bubbled with
carbogen.

B) Intracellular solution composition ..r the tip of elec le (mM): 120
potassium acetate (Fisher Cher :als), 40 Hepes (Sigma), 5 MgCl, (Fisher
Chemicals), and 10 EC . A (Fisher Chemicals), with ; ™™ adjusted to 7.35 using
0.1 N KOH.

C) Nystatin solution for back filling of the ectrode: Intracellular solution

containing 450 pg/ml nystatin (S° na) and Pluronic F127 (Sigma)

D) Drugs:
M ch l bl cers: linopirdi (Tocris Cookson Inc), 10, 10-bis (4-

pyridinylmethyl)-9-(10H)-anthrac 101 (XE-991) (. ocris Cookson Inc).

35







Sodium metabisulfite (S° na), dop  ne (Si )

2.2. Distribution of KCNQ3 channels in the midbrain of nVH model

2.2.1.1. Animals

Male Sprague-Dawley rats at postnatal day 7 (where PND 0 is the day of birth)
were obtained from the Memorial University of Newfoundland Vivarium with their
mother and housed on a 12/12 hr I' ¢ : cycle with food and water a .lable ad
libitum. Litters were culled to 10 pups/lit to eliminate the risk of unequal access to
breast milk, which in turn would fect the ‘owth and development of the pups. After
surgery on PND 7, described in the following section, pups were returned to their mother.
After weaning (approximately PND 21) the s we housed in groups of 2-3 (same sex)

in each cage.

2.2.1.2. Neonatal ventral hippocampal lesion

I used bilateral neonatal ventral hippocampal lesion as a model of schizophrenia
in the rats. The Lipska’s (1993) and Flores’s (1996) method surgery was followed. On
PND 7, the pups were randomly divided into two groups: sham-operated and lesion.
Hypothermia anesthesia was induced by burying the pups in wet ice for 8-10 min. A pup
was secured to a stereotaxic apparatus and a longitudinal incision of 2- 2.5 cm was made

in the midline on the dorsal surface of the  1d. One hole on each side was drilled up to
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trials were compared to study the possibility of habituation. p< 0.05 was considered

significant. Results are expressed as mean + SEM.

2.7.7. Summary of study plan

The plan of the present study is sun  ized in figure 2.1.
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Fig.2.2) Diagram illustrating measurement of the AHP components in VTA DA neurons.

Adapted from: J Neurophysiol 96: 535-543, 2006
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(50 pM) and/or DAMGO (1 uM) was m« sured by applying the « gs to the bath for a
brief period. After washing out the effects of DA or DAMGO, linopirdine (n= 10, all DA
cell) or XE-991 (n=8: 4 DA and 4 GABA cells) was tested.

DA cells displayed a low basal firing rate (0.16 0.02 Hz, n=14) while GABA
cells had a significantly higher firii rate (0.8 + 0.07 Hz, n=4). Resting memb e
potential was higher in DA cells (-47.7 £ 0.7 mV) than in GABA cells (-56.0 £ 0.4 mV).
DA cells showed relatively wider action potentials (half width: 2.8 + 0.3 ms for DA cells
vs. 2 £ 0.1 ms for GABA cells).

Fourteen of 18 cells (75%) responded to a brief (average 40 s) application of 50
uM DA with a significant h_ | polarization (-6.4 + 03 mV) accompanied by a complete
inhibition of firing. The remainir 4 cells that did not respond to DA responded to
DAMGO with a hyperpolarization (-2.2 + 0.3 mV). A much larger I, voltage sag
(34.61£3.9 mV) was recorded in DA cells ' n in non-DA cells (1.9 + 0.7 mV, p< 0.05,

Fig 3.1).

3.1. Blocking M channel excites DA VTA cells

M channel blockers linoperdine (10 pM) and XE-991 (5 pM) were tested on 10
and 4 putative DA cells, respectively. ...e effect of XE-991 was also tested on 4 GABA
cells. The effect of these blockers on firing  es was assessed by comparing using paired
t-test average firing rates at the peak of the response with basal firing rates of at least 5

1 irding.




3.1.1. Linopredine and XE-991 excite VTA DA cells

Bath application of 10 uM linopirdine excited 90% DA cells tested (9 out of 10)
by 37.5 + 42% at the peak of * :response. The onset of the increase in firing rate was
slow; ranging 5-15 min following continuous drug application. The response was
reversible following 7-15 min washout. In 3 of 4 DA cells, XE-991 (5 uM), anc 1er M
channel blocker, induced a similar increase in firing e (28.6 £ 2.7%) that was
irreversible upon washout for 50 min. This increase in firing appeared to be related to a
depolarization following drug application (2.1 and 2.9 mV depolarization after
linopirdine and XE-991 application, respectively) accompanied by a reduction in the
medium components of the AHP followi: each action potential (25.2 + 3.6 mV for
control vs. 21.3 £ 2.8 mV follow | pirdine, p< 0.05). In contrast application of XE-

991 for 25 min did not excite GABA cells (Fig .3.2; n=4).

3.1.2. M-channel blockers induce bu firing.

Besides increasing the firii rate, the two M channel blockers also induced a
change in firing patterns. Linopirdine induced a cha  in firing pattern from regular
spiking to burst firing in 7 out of 10 cells tested (Fig. 3.2). Burst firing induced by
linopirdine, occurred after 30.7 + 4.5 min following the start of drug application and was

ersible followir v of min. Larst firing was preceded by an increase in

firing rate. XE-911 induced similar switching in the firit pattern of 2 of 4 DA cells.
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However, it caused no burst firir in the 4 GABA cells tested. The onset of burst firing
following XE-991 application was 19.5 + 4.5 min, this effect of XE-991 was not

reversible after S0 min washii  in both of these cells.
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Fig.3.1. Characteristics of putative DA ¢ GABA cells in current clamp

Classification of VTA cells was based on three main electrophysiological parameters in
current clamp mode ch  icterized as DA or GABA cells. Panels A-C beloi  to the same

putative DA cell while panels D-E represe! the same putative GABA cell.

A) At room temperature a putative DA cell showed slow regular firing (0.2-0.3 Hz) with
RMP of approximately -50 mV. B) Hyperpolar tion in response to 100 uM DA. C)
Presence of a time-dependent inv  diy r ifying 1, in response to hyperpolarization. D)
GABA cell was spontaneously tive with more negative RMP in comparison with DA cell
(approximately -60) and faster firing (3-4 times faster). E) Application of 100 uM DA did not
have any response, instead DAMGO (0.1 pM) induced hyperpolariztuon. F) The time-

dependent inwardly rectifying current to hyperpolarization in GABA cell was not seen.
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Fig.3.2. Blocking M-currc  in VTA DA cells increases firing and induces |

firing

Al) A DA cell responded to the M ¢ !l blocker, linopiridine (10uM), with incr sed
firing from 0.2 Hz to 0.5. A2) XE 991(5 uM) exci A cell (from 0.2 to 0.9 Hz)

B1) Bath application of linopirdine (10uM) af 25 min resulted in burst firing which
recovered after washing. B2) XE-991 (5 pM) induced burst firing which was persisted

after 50 min washii

C) Application of XE-991 (5 uM) cc d not change frequency or pattern of firing in a

GABA cell.

D) Linopirdine or XE-991 redus 1 mA P  nponent of AHP. Solid and dashed are AP

before and 15 min after application of | opirdine respectively.
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Part B- Immunohistochemistry

This part describes the expression of KCNQ3 channels in the VTA of sham and
nVH lesioned rats. The first section summarizes histolc ‘cal assessment of the
hippocampal lesion, followed by behavioral validation of the model based on PPI tests,
and finally, the immunohistoch.  cal visualization of KCNQ3-positive cells in the VTA

along with their neurochemical identification.

Ibotenic acid was injected into bilateral ventral hippocampus of 20 male and 6
female pups from four litters to induce lesion. In each of the 4 litters, 2-4 (total of 12)
male pups received the same amount of normal saline using the : ne coordinates to
constitute the sham group. Of 20 n e nVH lesione rats that had adequate lesion scores
and a significant deficit in PPI of startle reflex in comparison with sham group, 8 animals
were furtl used for KCNQ3 immunohistochemistry.

In the second batch of animals, 10 males were lesioned with ibotenic acid and 6
males were sham-operated controls. 8 of the 10 lesioned rats had a score of 4 or above

and were used in double florescence labeling for KCNQ?3 and tyrosine hydroxylase.

3.2.1. Ventral hippocampal lesion assessment

Ventral hippocampal lesi luced by bilateral injection of ibote = :id were

assessed in Nissl stained coronal sections at P] 56. Of ) male animals in the lesion
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group, six rats showed unilateral or no lesions and were therefore excluded from the
study. 14 brains showed bilater lesions that were further scored based on Lipska's
scoring system as described in the M erials and Methods section. In 9 of 14 brains,
lesions started at the level of -4.52 (relative to bregma) and extended to -5.20mm;
however, in the remaining 5 brains, lesion was visible at -5.20 through -6.72. The lesion
was scored at the level that showed most ¢ :. This yielded 8 male brains receiving a

score of 4 or more (4.5 + 0.3) thatv  : included in the study (Fig.3.3).
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3.2.3. Changes in KCNQ3 channel expression in the VTA of nVH lesioned anim:

The expression of KCNQ3 channels in the midbrain was first analyzed in \B
stained coronal sections. Usit ca ‘ra lucida, the number of VTA cells positive for
KCNQ3 was quantified (Fig.3.7). The specificity of staining was confirmed by
preincubation of anti-KCNQ3 with KCNQ3 peptide. Brain sections incubated with the
cocktail of anti-KCNQ3 and the peptide did not show labeled cells in any part of the
section.

For quantifying KCNQ3 expression, Neurolucida was used (Fig.3.7). Because the
area of the defined VTA varies from section to section, the number of positive cells was
as expressed number of cells per 10* um?. The average defined area for VTA was 40000
+ 7000 and 45000+ 4000 pmz in sl ns and nVH lesion animals respectively which was
not statistically different (n=8 in each group). The number of labeled cells in the VTA

was significantly less in lesior | animals (2.0 £0.2 cell/10* pm?,  }) than in the st n-

operated (3.4+ 0.4 cell/l 0* pmz, n=8), (P<0.02, Fig.3.8).

3.2.4. Increase in K _.NQ3 channels in the red nucleus and oculomotor nucleus of

nVH lesioned animals
There was an intense stainii  for KCNQ3 channels in other midbrain  eas, most

notably the red nucleus and the oculomotor nucleus. KCNQ3 labeled cellsw  la : |

C tl  :areas.
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Quantification of KCNQ3-positive cells with neurolucida revealed that in b¢ ]
red nucleus and oculomotor nucleus alterations in KCNQ3 expression was significant. In
the red nucleus, normalized number of positive cells was 2.4 £ 0.2 cell/10°um? in:  m-
operated group (n=8). This number increased to 3.7 + 0.4 cell/10*um? in nVH lesioned
animals (n=8) (p<0.02 Fig.3.8). Usii the me method, nVH lesioned rats showed ..3 +
1.1 positive cells in the oculomotor nucleus c sared to 3.8 £ 0.67 cell/10*pum’ ins  m-

operated rats (p<0.001 Student’s ¢ test, Fig.3.8).
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Fig.3.7. Expression of KCNQ3 channel in red nucleus, VTA and oculc tor

nucleolus in sham and nVH lesion . s

Expression of KCNQ3 labeled cells oculomotor nucleolus (A) and red nucleus (B) of
nVH lesion (left) rats, using :urolucida, was higher than sha (r' "it) group. This
expression in VT A (C) of nVH lesion (left) rats, in contrast, was lower than sh: (1 it)
group.

D) Camera lucida drawing x4 magnification showing patterns of distribution of
KCNQ3 labeled cells in the VTA, oculomotor nucleus and red nucleus (-6.04 from
bregma). nVH lesion rats (present  at the left side of the schematic brain section) had
fewer labeled cells in the VTA in comparison with sham group (presented at the right
side of the schematic brain section). The expression in oculomotor nucleus and d

nucleus was higher in nVH lesion rats than sham group.




D)

Sham
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3.3. KCNQ23 expression in DA and non-DA cells in the VTA

Another set of experiments was performed on 16 rats to study KCNQ3 expression
in DA and non-DA cells in the VTA using confocal microscopy. Of the 10 nVH lesioned
rats, 8 rats received a minimum score of 4 (4.9 + 04) and were included in the
immunoflorescence study. TH and KCNQ3 labeled cells and the percentage of double-
labeled cells were assessed by confocal microscopy (Fig 3.9). The VTA was divided into
the ventral and the dorsal tier as described in the Methods section; positively labeled « Is
were counted in each of the two tiers. Counting was made in 2 bloc ; in the ventral er
and 3 blocks in the dorsal tier (each block v s defined as the total field of a 20x objective
lens with a zoom setting of 3x which was 25 x 250 um). Average number of labeled cells
with each antibody was derived for the ventral and the dorsal tier separately, the
percentage of colocalization of the two antigens was also compared between the lesioned

(n=8) and sham operated rats _ ).

3.3.1. KCNQ3 expression in DA cells de nes only in the dorsal tier of the VTA in

nVH lesioned rats

Double labeling with anti-KCNQ3 and anti-TH in the VTA showed that both ™ A
and non-DA cells expressed the KCNQ3 antigen. Percentage of colocalization of KCNQ3
and TH to total TH-positive cells declined significantly in the dorsal tier of the VTA in

lesii " rats (56.37° 3.66, 1 ) in compa n with sham animals (¢, .3.0]1 + 2.8,
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p<0.001, Fig.3.10). No such diffc ice was detected in the ventral tier (77.1% in sham

vs. 81.0 in nVH lesion).

3.3.2. KCNQ3 expression in non-DA cells in the VTA does not change in nVH

lesioned rats

In sham and lesion groups, 40.92 % + 2.1 and 41.2 %+ 1.6 of VTA dorsal tier cellsw h
were TH negative, labeled with anti KCNQ3, respectively. On the other hand, in the VTA
ventral tier 55.9 + 2.2 % and 54.2 + 2.7% of TH negative cells in sham and lesion rats
were also KCNQ3 positive. In each tier, differences in two groups were not significant.
However, when ventral and dorsal tiers were compared with each other, the percentage of
non-colocalized KCNQ3 positive cells were significantly higher in the ventral tier for

both sham and nVH lesion rats (p<0.001 for sham and p<0.05 for nVH lesion, Fig.3.11).
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Fig.3.9. Distribution of KCNQ3-positive cells and their colocalization with TH in the

ventral and dorsal tiers of the . . A in sham and nVH lesioned animals

Labeled cells with anti-TH in sham (A) and anti-KCNQ3 (B) showed less co-localization
(C) in comparison with nVH I o1 rats (F) in the dorsal tier. Panels D and E s w
immunoreactive cells with anti-TH and KCNQ3 in nVH lesioned rats, respectively.

In the ventral tier, positive labeled cells with anti-TH (sham, G; nVH lesioned rats, J) and
anti-KCNQ3 (sham, H; nVH lesioi  rats, K) revealed that percentage of colocalization

of TH and KCNQ3 was the same in sham (  and lesioned rats (L).
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Fig.3.10. Expression of KCNQ3 channel in DA cells of the ventral and dorsal tiers of
the VTA

A) Percentage of colocalization of KCNQ3 and TH in the ventral tier was similar
between sham and nVH lesion groups. The percentage in each group was estimated by
counting colocalized labeled cells with anti- KCNQ3 and TH in two blocks of ventral tier

with magnification of x20 of confocal microscopy.

B) This percentage in the dorsal tier was significantly lower in nVH lesion group

(p<0.001).
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Fig.3.11. Percentage of non-colocalized KCNQ3 labeled cells in dorsal and ventral
tiers of the VTA

Percentage of TH negative cells v ch labeled with anti-KCNQ3 was similar in the
ventral or dorsal tier of sham and nVH lesion groups. ...is percentage was significantly

was higher in the ventral tier (p<0.001) than the dorsal tier for both groups.
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Removing one or more of these AHP components should disrupt regular single spike
firing.

All three components of the AHP (sAHP, mAHP and sAHP) are due to K'
currents that play a role in interspike interval and bursting (Maylie et al., 2003). However
contribution of different types of K* channels to each component differ in different
neurons, e.g. SAHP in nigral DA neurons is due to small conductance Ca2+-dependent K*
channels (Ping and Shepard, 1999) which contribute to mAHP instead in hippocampal
neurons (Pedarzani et al., 2005). Blocking M channels reduces fAHP and sAHP in VTA
DA cells (Koyama and Appel, 2006) but it reduces only fAHP in hippocampal neurons.
The bee toxin apamin which blocks the slow component of the AHP has been shown to
induce burst firing in DA cells. However, since in different cells AHP components have
different underlying ion channels, it remains a question whether blocking M chan s
induces burst firing of DA cells. The reduction in slow and fast components of AHP in
our experiments was nsistent with other studies. The main and significant change in the
medium AHP component accompanied by a depolarization and increased firing
frequency is similar to the effects of this blockade on hippocampal neurons (Yue d

Yaari, 2004).

The finding that blocking M channels induced br  firing of VTA DA cells is in
good agreement with the channel's involvement in AHPs. The only similar : h
manipulation was reported to increase firing rate without any changes in firing patti 1s
(Koyama and Appel, 2006). . .iis could arise from the dissociated cell preparation used in

Koyama’s experiment that is devoid of dii 1 der " tes. In ger  ,M channels are
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located in different parts of CNS neurons . 1 in particular these channels are expressed
on dendrites (Weber ef al., 2006; Yue . 1 Yaari, 2005). The loss of M channel and many
other channels, for example, Ca?* d NMDA channels, may have caused a different
response to M channel blockers. Alternatively, it could be due to the fact that burst firing
induction takes time to develop (Liu ef al.,, 2007), the d  tion of linopirdine and X-991
application in Koyama’s experiment was much shorter than our experiments (20-340
msec vs. 20-50 min). XE-991 induced burst firing in relatively shorter time than
linopirdine could be due to its higher affinity (Robbins, 2001) and selectivity (Wang ef
al., 1998) for M channels.

The striking result is that M channel blockers induced burst firing in at least 7 of
10 of DA cells tested, but not in the 4 G." ™ \ cells tested. It is clearly demonstrated (see
results of this thesis) that both 1 types express M channels. It is possible that the two
cell groups express different channel subtypes that are differentially blocked by t se
blockers at the concentration used in the thesis. For example, cells that express KCNQ2/3
heterodin ic channels will ve much b" rer M currents that can be more rez ly
blocked by low doses of linopirdine and XE-911 (Wang et al., 1998). It is, however,r re
likely that dichotomy in the response to M channel blockers is caused by different res 1g
membrane potentials. In this series, GABA cells had an average resting memb e
potential of 56.0 £ 0.4 mV compared to -47.7 £ 0.7 mV recorded from DA cells. As M
channels operate at voltages betv =30 and -50 mV (Selyanko and Brown, 1999),
some of the channels are already active at rest in DA, but not GABA cells. Blocking the

channel would therefore affect the fir ~ of DA, but not G/4.LA cells.
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which is in accordance with other studies (Lipsaka et al., 1995; Le Pen and Mo u,
2002). It has been suggested that PPI deficits are only evident at PND 56, mirroring the
fact that schizophrenic episodes usually have a time of onset after puberty in hun s,
such changes are completely absent before that time (Martinez et al. 2002; Lipska e al.,
1995). However, | tested PPI at 35, 49, and 56 PND and found there was a worsenii  of
PPI of in nVH lesioned rats, as age proceeded. Given that PPI deficit in this m el
improves with antipsychotic treatment (Rueter et al., ~104; Le pen and Moreau, 2( 2)
and a gradual worsening of PPI during development, it may reflect the gradual changes

that occurs in the central DA system including the VTA that powers the system.

4.2.2. Distribution of KCNQ3 channels altered in nVH lesion midbrain

KCNQ3 channels was widely expressed in dii  ent parts of the rat midbrain, in
particular stror ~ somatic staining in the red nucleus, which is comparable with the mouse
brain (Geiger et al., 2006), althor 1 the intensity of staining was weaker in our
experiment. ...fference in stainir intensities could  ult from different KCNQ3
antibodies used (Geiger et al., 2006; Weber et al., 2006). Camera lucida used to quantify

KCNQ3 positive cells has ad s as well as limitations, e.g. this method quantifies

KCNQ3 distribution for the 1t ea of the midbrain. However, it is not easy to
accurately define an anatomical region and distinguish weakly lal ed cells with low

magnification. So I also used other methods for more accurate anatomical evaluation of

KCNQ3 expression, taking adv of 1l cc _ with higher microscopic

magnification.

80










4.2.3. KCNQ3 expression is lower in the dorsal tier of VYTA DA cells in nVH lesioned

rats.

To study whether alterations in KCNQ3 expression occurs in DA cells in the
VTA, double immunofluorescence labeli of TH and KCNQ3 was used. Due to
different projections of DA cells in the VTA with the ventral tier projecting to the
sensorimotor part of the striatum and the dor. tier projecting to the ven  and dorsal
striatum, limbic and cortical areas, we analyzed the two areas of the VTA. The tiers were
identified based on anatomical location and density of cells. Ideally, this should be
combined with the expression of ion ¢ 1nel protein GIRK2, landmark of the ventral tier
(Schein et al.,, 1998), and calbindin, landmark of the dorsal tier (Haber et al., 1995). The
limbic and cortical projections implicated in schizophrenia, and specifically, the
nucleus accumbens regulates PPI in rats (Swardelow et al., 2007; Byrnes et al., 2007;
Yamada, 2000) and humans (Kumari et al., 2005) due to DA's action in the nucleus.
Change in the excitability of DA neurons in the \ ..\ projecting to the nuc s
accumbens changes PPI in nVH lesioned rats.

The percentage reduction in KCNQ3-positive cells in the VTA was similar but
not identical between the DAB-stained -oup and the immunoflorescence double labeling
group. With confocal microscopy, counting of immunoflorescent cells with KCNQ3 and
TH was clearer, giving a more accurate estimation of colocalized cell percentages.
However, DAB stainii can be more sensitive than t immunoflorescence method

(Burnett et al., 1997).
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Sensorimotor striatum refers to the basal ganglia, which regulate PPI in healthy
humans (Kumart ef al., 2007) and mice (Takahashi et al., 2006;‘ Ingram et al., 2005).
However, in the present study no s ficant changes in KCNQ3 expression was found in
DA cells in the VTA (i.e. the ventral tier) that project to the basal ganglia. Meanwhile
because of heavy projections frc the v ral ¢ itum to the sensorimotor striatum
(Bjorklund and Dennett, 2007), it is possible that changes in the dorsal tier that projects
to the ventral striatum are reflected by the connections between the ventral and dorsal
striatum.

KCNQ3 immunoreactivity was also found in TH-negative cells. Since I did not
stain these cells for glutamate decarboxylase (marker for GABA cells), it is not know if
these were all GABA cells. Besides DA and GABA cells, it has been recently
demonstrated that there is a group of cells that use glutamate as a transmitter (Geisler et
al., 2007). As GABA cells comprise a predominant proportion of non-DA cells in the
VTA, itis very likely no  ificant char s in KCNQ3 expression occurs in GABA cells
of the nVH rat.

Blocking M channels inc  ses firing rate and induces burst firing in DA cells but
not in GABA cells in vitro. Simi  y,a 1 ion of KCNQ3 expression is present in 'A
cells but not in GABA cells in rats with nV  lesions. It is then logical to conclude that
DA cells of nVH rats may fire at higher frequencies or in more frequent bursts. The
specific reduction of KCNQ3 exp sion in DA cells in the dorsal tier signifies the
involvement of DA projections to the limbic and cortical regions that have been known to

be involved in the development of psychosis.
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which will enhance DA output in their cortical and | bic terminal fields to mediate

symptoms of psychosis.
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