
REVIEW ARTICLE

PKC in developmental hypothyroid rat brain

Hong-Mei Zhang • Qing Su

Received: 27 November 2013 / Accepted: 10 March 2014 / Published online: 29 March 2014

� Springer-Verlag Italia 2014

Abstract Thyroid hormone (TH) is essential for the

proper development of mammalian central nervous system.

TH deficiency during the critical period of brain develop-

ment results in permanent cognitive and neurological

impairments. Members of the protein kinase C (PKC)

family play a key role in the regulation of cellular functions

in the nervous system. Alteration of PKC can be involved

in the pathogenesis of neuronal disorders. This review

details recent progress made in determining the roles

played by PKC isoforms in developing hypothyroid rat

brain. Evidence indicates that hippocampus down-regula-

tion of PKCb and PKCc may be related to impaired

learning and memory observed in perinatal hypothyroid

rats. Enhanced PKCa activity in neonatal hypothyroid

brain may bring about oxidative stress and cause brain

damage. The activated pro-apoptotic PKCs including

PKCd can cause extensive apoptosis in the hypothyroid rat

brain.
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Introduction

Thyroid hormone (TH) is essential for the proper devel-

opment and function of the mammalian central nervous

system (CNS). TH deficiency during critical period of brain

development results in permanent and profound influences

on neurological functions that contribute to severe cogni-

tive and neurological impairments [1, 2]. Protein kinase C

(PKC) isoforms play an important functional role in con-

trolling memory-relevant signaling process. The brain,

especially in the vital neural structures that are involved in

cognition and mood regulation, contains the highest con-

centration of PKC in the body [3]. PKC inhibition and

functional impairment have been consistently found to

significantly impair performance of cognitive tasks. We

and others have found oxidative stress in the developing

hypothyroid rat brain, and we also found enhanced PKC

activity in hypothyroid brain [4–6]. Previous studies in

hypothyroid rats during brain development have also

shown an enhanced apoptosis in hippocampus [7]. Is there

any relationship between the PKC, the oxidative stress and

extensive apoptosis in the perinatal hypothyroid rat brain?

The purpose of this article is to review recent information

regarding the PKC isoforms involved in impaired memory

and learning ability, oxidative stress and apoptosis in

developing hypothyroid rat brain.

The PKC family

The Ser/Thr PKC family comprises *2 % of the human

kinome and they are broadly conserved in eukaryotes.

Several decades of research have documented that members

of the PKC family are key signaling molecules involved in

diverse cellular functions. According to structural features

and activation requirements, the PKC family is divided into

three groups. The conventional PKCs (cPKCs; PKCa,

PKCbI, PKCbII, and PKCc) require diacylglycerol and

calcium for activation. The novel PKCs (nPKCs), which

include PKCd, PKCe, PKCh and PKCg, are similarly

activated by diacylglycerol and phospholipids, but they do
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not respond directly to calcium. And the third group atyp-

ical PKCs (aPKCs), which include PKCi/k and PKCf, can

be activated in the absence of diacyglycerol and calcium

[8, 9].

Protein kinase C isoforms are important signaling mol-

ecules, mediating various extracellular signals into the cell

and triggering intracellular signaling events [10]. They are

ubiquitously expressed in the CNS and are activated by

either Ca2?, phospholipids and diacylglycerol, phorbol-

esters, or other agents [11]. The PKC signaling pathway

plays an important and regulatory role in a wide range of

vital biological functions and processes, such as prolifer-

ation, altered gene expression, synaptic plasticity, neuronal

injury, synaptic remodeling/repairing and synaptogenesis,

differentiation, cell growth and apoptosis, and oncogenesis.

Protein kinase C inhibition and functional deficits or

abnormally activation will lead to a variety of brain func-

tion impairment [12–15].

Protein kinase C isoforms are involved in impaired

memory and learning ability in developing hypothyroid

brain

Protein kinase C isozymes are important signaling mole-

cules in learning and memory [16–18], as they play critical

roles in neurotransmitter release and synaptic plasticity,

including long-term potentiation (LTP) and long-term

depression (LTD), and deletion of specific PKC genes

results in deficits in learning. Conversely, genetic activa-

tion of PKC pathways in small groups of hippocampal

neurons enhances learning in specific paradigms [19]. The

brain, especially the hippocampus and related vital neural

structures that are involved in cognition and mood regu-

lation, contains the highest concentration of PKC in the

body [3]. Neural events and activated inputs that occur in

learning and memory activate PKC and associative learn-

ing produces translocation of PKC activity from the cyto-

solic to the membrane compartment of the CA1 region of

the hippocampus [20]. Protein kinase C activation with

bryostatin-1 has been found to enhance spatial learning and

memory in rats [21]. Protein kinase C inhibition and

functional deficits impair cognition. PKCb is predomi-

nantly expressed in area CA1 of the hippocampus [12]. In

mice with a deficit in PKCb, learning of both cued and

contextual fear conditioning is impaired [22]. PKCb1 is

one of behaviorally relevant PKC isoforms that was dem-

onstrated to participate in the early synaptic events

responsible for the acquisition and consolidation of an

inhibitory avoidance learning [23], and bilateral microin-

jection of a selective inhibitor of PKCb1 isozyme into the

CA1 of the dorsal hippocampus produced amnesia [24].

PKCc, solely in the brain [25], is believed to play a vital

role in LTP and spatial memory formation [26]. It is

reported that a null mutation of the PKCc gene causes

moderate impairments in spatial learning [27]. Other

studies have shown that training in a spatial discrimination

task increases PKCc immunoreactivity in hippocampal

neurons [28]. PKCc signaling cascade is involved in the

consolidation of previously acquired information that is

crucial for spatial navigation [29].

Accumulating researches have pointed out important

roles of various isoforms of PKC in the formation of memory

traces and of their functional insufficiency in pathogenesis of

memory disorders. Hypothyroidism is one of the diseases

with impaired memory and learning ability. The hippo-

campus has an important role in many types of learning and

memory, whereas impaired hippocampus leads to impaired

performance on a variety of behavioral learning ability. As

research reported the hippocampus is one of the brain regions

particularly vulnerable to the disruption of the TH [30].

Though TH receptor expression is widespread in the brain,

some research demonstrated selective sensitivity of the

hippocampus to postnatal TH deficiency [31]. Developing

hypothyroidism could cause reduced cell numbers and

granular layer area in the dentate gyrus (DG) of the hippo-

campus [32], and decreased branching points numbers of the

apical and basal dendritic trees of the pyramidal cells in the

cornu ammonis (CA) [33]. Our group has found that TH

deficiency during rat brain development will cause hippo-

campal down-regulation of PKCb and PKCc, and this down-

regulation may be related to impaired learning and memory

observed in perinatal hypothyroid rats [34].

PKC activation is involved in oxidative stress

in developing hypothyroid brain

Members of the PKC family play a key role in the regu-

lation of cellular functions in the nervous system. Besides

the physiologic regulatory functions, researches indicate

that alteration of PKC can be involved in the pathogenesis

of neuronal degeneration, such as observed in excitotoxic

damage [35], ischemia [36]. When cortical cultures were

exposed to zinc, the membrane PKC activity of cultured

cortical cells was increased, resulting in excess free radical

generation and cell death. The increased PKC activation

may be a key step linking zinc influx to subsequent oxi-

dative neuronal injury. As oxidative stress has been

implicated as an important injury mechanism in a number

of pathological conditions in the CNS, it is tempting to

speculate that zinc influx may be a key trigger for oxidative

stress through activation of membrane PKC [37].

In 6-n-propylthiouracil (PTU)-induced perinatal hypo-

thyroidism, significantly elevated levels of H2O2 and lipid

peroxidation were observed in developing rat cerebellum
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[38]. Our group also found that as compared to age mat-

ched controls, protein carbonyl contents and thiobarbital

acid reactive substances in developing hypothyroid rat

brain were increased significantly [39]. In addition, our

previous researches have showed that perinatal hypothy-

roidism can enhance Goa mRNA levels in the temporal

cortex, sensorimotor cortex, piriform cortex, amygdala,

hippocampal CA1-4 subfields, DG, arcuate nucleus (AR)

and ventromedial hypothalamic nucleus (VMH) of hypo-

thalamus [40]. Goa is a guanine nucleotide-binding regu-

latory protein a subunit which is mainly distributed in the

CNS and is the most abundant a subunit of G protein in the

brain of mammalian animals [41, 42]. It is suggested that

activation of Goa can subsequently lead to increased

activity of PKC [43]. Sustained activity of PKC can result

in depletion of cellular energy stores, alter the balance

between phosphorylated and non-phosphorylated states,

disrupt cellular homeostasis leading to cell damage and

death in the brain [44]. In this regard, we further investi-

gated the activity of PKC in developing hypothyroid rat

brain. And our results showed increased PKC activity in

the brain of hypothyroid rats. As compared to age matched

controls, a very large increase was noticed in brain PKC

activity in hypothyroid pups both in cytosol and membrane

fractions. The change of membrane PKC activity was more

marked than that of cytosol fractions, and hypothyroidism

led to a higher ratio of membrane/cytosol PKC activity [5].

Following cytotoxic PKC activation, it has not been

clear what downstream events would mediate the oxidative

stress. Possibilities include destabilization of intracellular

calcium homeostasis, activation of proteases or lipases, and

excessive phosphorylation of regulatory proteins [45–48].

All of these may nonspecifically result in excess free rad-

ical generation and cell death. Another possibility is that

PKC may directly activate enzymes linked to free radical

generation. For example, in vascular tissues of diabetes, it

has been shown that PKC activation can phosphorylate

NADPH oxidase, which in turn induce the increase in

reactive oxygen species (ROS) production [49]. In the

context of this, we hypothesize that during rat brain

development, TH deficiency can cause elevated PKC

activity, which subsequently bring about oxidative stress

and cause brain damage.

PKC isoforms are involved in enhanced apoptosis

in developing hypothyroid brain

TH plays an important role in the modulation of apoptosis

during brain development. One research shows that neo-

natal hypothyroidism causes extensive apoptosis in the

internal granular layer of the cerebellum [50–53]. Another

research shows that perinatal hypothyroidism enhances

apoptosis in the developing rat cerebral cortex [54]. Pre-

vious studies in hypothyroid rats during brain development

have also shown an enhanced apoptosis in hippocampus [7,

31, 55, 56]. Apoptosis involves activation of a caspase

cascade that directly causes disassembly of cellular struc-

tures [57, 58]. Cerebral cortices in the hypothyroid group

exhibited significantly increased activation of caspase-3

and -7, decreased levels of anti-apoptotic proteins Bcl-2

and Bcl-xL, and increased levels of pro-apoptotic protein

Bax [54]. Congenital hypothyroidism increases not only

the extent but also the duration of apoptosis by down-

regulation of the anti-apoptotic gene Bcl-2 and maintaining

a high level of the pro-apoptotic gene Bax. The expression

of caspase-3 in the cytosol of hypothyroid pups was sig-

nificantly higher as compared with that of the age-matched

controls [55, 56].

Apoptosis is the physiological process of cell suicide

that occurs normally during development or as a stress

response, for example to agents that damage DNA beyond

the capacity of repair mechanisms [59]. Early studies with

tumour-promoting phorbol esters highlighted a major role

for PKC in regulating apoptosis. More recently, the roles

played by specific members of the PKC family have begun

to emerge [60]. PKCs exhibit both direct and indirect

effects on the extrinsic and intrinsic apoptotic pathway

machinery, being either pro-apoptotic or anti-apoptotic

depending on PKC isozyme and cell type [61, 62]. With the

discovery and development of more isoform-specific acti-

vators and inhibitors, increased precision in the targeting of

PKC isoforms has become possible [63]. The results of

studies employing such agents have led to a generalized

consensus over the roles of PKC isoforms as regulators of

apoptosis. Conventional and atypical PKCs are generally

considered to be predominantly anti-apoptotic, being

principally involved in promoting cell survival and prolif-

eration. The novel PKCs, however, generally have a

tumour suppressor function and are regarded as pro-apop-

totic proteins. PKCa and PKCd are two of the PKCs better

characterized with respect to their important functions in

preventing and promoting apoptosis, respectively. It is

interesting that these two protein kinases have been dem-

onstrated as mediating key roles in apoptosis, as these

isoforms are present in the majority of cells [64], including

neurons [65]. PKC isoforms most predominantly associated

with apoptosis promotion are PKCd. PKCd, a member of

the novel PKC subfamily, is actively involved in cell

apoptosis in a stimulus and tissue specific manner; it both

regulates the expression and function of apoptotic related

proteins and is itself a target for caspases [66]. PKCd is a

substrate for the effector caspase, caspase-3, whose active

catalytic domain is thought to be essential for apoptosis

[60]. Some studies suggest that activation of PKCd and

caspase-3 occurs rapidly in response to apoptotic stimuli
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and that both proteins accumulate in the nucleus under

these conditions [67]. In our studies, we have found

increased PKCd expression in both cortex and hippocam-

pus of developing hypothyroid rat brain (As shown in

Fig. 1), this may be related to enhanced apoptosis in

hypothyroid rats during brain development. Although the

majority of published work suggests a suppressive role for

PKCa in apoptosis, conflicting data indicating a pro-

apoptotic function have still been observed. In human

prostate cancer cell lines, the presence of PKCa in the

mitochondrial membrane was associated with apoptosis

[68]. This pro-apoptotic role was in agreement with results

from epithelial cell lines of the tonsil [69]. In a research of

ours, we found developing hypothyroid pups treated with

bisindolylmaleimide XI (a selective PKC inhibitor for

PKCa) exhibit some extent of improved performance in the

Morris water maze test. And we also found increased

PKCa expression and enhanced PKCa activity in hypo-

thyroid rat brain [5]. So we are tempting to speculate that

PKC a is involved in impaired brain development observed

in perinatal hypothyroid rat brain through pro-apoptotic

activity. But this presumption needs to be verified in future

studies.

Conclusions

Thyroid hormones (triiodothyronine, T3 and thyroxine, T4)

exert well-defined effects on the development and function

of the CNS. TH deficiency during the perinatal period causes

neurological abnormalities, such as a reduction in dendritic

elaborations, neurite outgrowth, synaptogenesis, and mye-

lination as well as delayed cell differentiation and migration

[70–72]. But how TH deficiency influences brain develop-

ment is not clear. PKCs play a key role in the regulation of

cellular functions in the nervous system. Besides the physi-

ologic regulatory functions, alteration of PKC can be

involved in the pathogenesis of neuronal disorders. Down-

regulation of certain PKC isoforms such as PKCb and PKCc
is involved in impaired memory and learning ability.

Enhanced activity of PKCs in the hypothyroid brain can

bring about overproduction of free radicals and oxidative

stress can cause brain damage. Oxidative stress can also

induce neuron apoptosis by activating pro-apoptotic PKC

isoforms including PKCd and also PKCa. In conclusion,

PKCs are involved in impaired brain development observed

in perinatal hypothyroid rat through different ways. This will

throw light on the understandings of how thyroid hormones

influence brain development. But all these are presumptions

that need to be verified in future studies.
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