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It is now more than fifty years since Burg made a sig-
nal advance in the study of renal physiology by reporting 
a method of isolating and perfusing tubules from selected 
regions of the kidney [1]. Prior to this, knowledge of renal 
tubular function had been derived either from micropunc-
ture experiments, limited to the superficial regions of the 
kidney [2], from kidney slices [3-6], which were subject to 
injury and represented an aggregate of tubular function, or 
from renal cells in tissue culture [7-9]. 

Since the early 1980’s the rapid growth of methods for 
the analysis of the composition of individual tubular cells 
has seen a rapid increase in genomic information. This has 
been confused in the past by inconsistent terminology. 
Critical to the proper assignment of genomic data is to en-
sure that such data is correctly mapped to a particular cell 
type. In an important paper dealing with this [10], Knep-
per and co-workers proposed a nomenclature for tubular 
cell types, based upon the occurrence of cell type selective 
markers, characterized by high concentration of a specific 
protein, and consistent with assignations from the prege-
nomic era. However, until recently progress in studying the 
genome of a particular cell type has been limited by the 
small size of particular segments, typically only a few mil-
limetre in length and containing only a few cells. It is only 
recently that new analytical methods, single cell RNA-Seq 
based transcriptomics, and LC MS/MS have allowed the 
determination of processes in individual cell types.

Knepper and colleagues have applied these techniques 
to a well-studied phenomenon, the effect of lithium on the 
renal tubules [11]. It has been known for many years treat-
ment with the lithium chloride, an effective treatment for 
manic depression, can lead to a loss of urinary concentrat-
ing ability [12], and ultimately over time, chronic kidney 
disease manifested as a chronic interstitial fibrosis [13,14]. 
Early physiological studies showed that lithium enters 
principal cells of the collecting duct, through the sodium 
channel ENaC, with increased intracellular concentrations 
since the exit transport mechanisms are poorly selective 
for lithium. Intracellular lithium has been shown at a phys-
iological level to inhibit both the synthesis of the water 
channel Aquaporin 2, and its translocation to the apical 
membranes of principal cells [12]. Lowered permeability 
of these membranes to water leads to polyuria. Knepper 
and colleagues [11] have used the techniques of RNA-Seq 

transcriptomics to characterize the response to short-term 
(up to 72 hours) application of lithium to microdissected 
regions of the collecting duct of rats, and LC-MS/MS to de-
termine proteomic changes over the same time course, to 
investigate the initial signaling events.

It is well known that in animal models, lithium chloride 
treatment over four weeks results in proliferation of col-
lecting duct principal cells and a subsequent increase in in-
tercalated cells [15]. To further investigate the time course 
of this process, immunohistochemistry using antibodies to 
AQP2 to identify principal cells, and to H+/ATPase to locate 
intercalated cells in microdissected tubules, found that 
there was a small increase in the number of AQP2 positive 
cells after 72 hours but no change in H+/ATPase positive 
cells, although there was a variable number (up to 15%) of 
hybrid cells expressing both proteins. Knepper, et al. [11] 
demonstrated that of the 6978 transcripts identified in the 
LiCl-treated cortical collecting ducts (CCD), 728 were in-
creased compared with the TAL, and 370 were decreased. 
This was compared to the RNA-Seq of microdissected thick 
ascending limbs (TAL) which only showed 18 transcripts 
out of 6,194 to have a significant change in response to 
lithium exposure as compared to controls. In the CCDs, 
those transcripts which were decreased with lithium treat-
ment had low P-values and were not informative. Howev-
er, those transcripts which were increased with lithium ex-
posure were of considerable interest. The transcripts fell 
into several groups. Prominent were transcripts of protein 
kinases involved in cell cycle control, supporting the earli-
er conclusion of Christensen, et al. [15] that the initial re-
sponse of principal cells to lithium entry is activation of a 
proliferative response. Additionally there was an increase 
in transcripts from genes coding for a variety of chemok-
ines associated with NF-κB activation, p53 signalling, Wnt 
signalling and Aldosterone upregulated genes [11]. Of par-
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ticular interest was the abundance of several Wnt-βcaten-
in transcriptomes [11], since it is well known that nuclear 
β-catenin abundance is regulated by GSK-3β, itself a target 
for lithium and a regulator of many key intracellular path-
ways. Of the key targets of Wnt-βcatenin, cyclin A2 was 
markedly increased and cyclin A2 activates critical kinases 
in cell cycle regulation as mentioned above [11].

A further study of the time course of activation of the 
early response genes revealed a rapid rise, over 24 hours, 
in abundance of transcripts of known immediate early 
genes, followed by a decrease, whereas gene groups asso-
ciated with a proliferative response showed little activity 
at 24 hours but a progressive increase thereafter. In con-
trast there was a maintained decrease in transcripts en-
coding for Transporters and Channels, consistent with the 
observed physiological responses [11]. Interestingly, use of 
the anti-inflammatory agent dexamethasone, which blocks 
the inflammatory response to an increase in NF-κB, result-
ed in an increase in AQP2 abundance in Li-treated rats [11]. 
It would have been of interest, to know what if any impact 
dexamethasone had on the other up-regulated pathways.

The study was extended to investigate protein abun-
dance in lithium-treated rats to detect whether it was pos-
sible to identify the same processes as found with RNA-Seq, 
taking advantage of recent improvements in sensitivity of 
Mass Spectrometry. From rats treated with lithium for 72 
hours a total of 2469 proteins were detected, of which 1057 
could be quantified. Of these a total of 73 proteins showed 
significant change in abundance. Three of the four pro-
teins which showed the greatest increase were associated 
with cell-cycle proteins, including PCNA, STMN1 and ERH, 
all of which has revealed increases in mRNA abundance. In 
marked contrast, only one AQP2 peptide was successfully 
quantified [11].

This paper is a tour-de-force, providing a vast amount 
of dynamic molecular data which offers highly significant 
opportunities as a scaffolding for further studies. The au-
thors are to be highly commended for the rigour of their 
experimental work and subsequent analysis. Astonishingly, 
the huge perturbations resulting from the entry of lithium 
into the cells of the cortical collecting duct represent the 
coordinated response of many genes associated with sev-
eral different pathways, the overall significance of which 
remain to be elucidated. This further reinforces a recent 
editorial by Kishore and Ecelbarger [16] who suggested 
that lithium has become a versatile investigative tool in 
furthering our understanding of the molecular physiology 
of the kidney. These findings are challenging some long 
held views in renal physiology, and presenting paradoxi-
cal changes in renal pathophysiology related to acute and 
long term exposure to lithium. The power of modern bio-
informatics and increasing knowledge of the pathways in-
volved, serve to illustrate the complexity of living things.
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